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Preface 


The friction and wear is not very old for industries but the word tribology was first 
used in the Jost report in 1960. It derives from two Greek words: tribo (rubbing) and 
logy (science). Hence, tribology has analyzed the science and technology behind 
‘rubbing’. This involves the study of interaction of solid-solid, interaction of fluid- 
fluid and interaction of solid-fluid when bodies are in relative motion. It covers the 
study of friction and wear and the application of lubrication. It has been observed that 
any tribological performance depends upon a huge number of external parameters, 
including contact pressure at the interface, the temperature of the system, the relative 
speed between bodies and contact behavior. Over the past few decades in all indus- 
trial applications, friction and wear came to be very important aspects due to the 
increased number of moving parts to be found in any piece of machinery. It is very 
important to know in machinery the kind of mechanism involved in the improvement 
of energy and life of the machine. Therefore, the correct application of friction and 
wear can save and improve the life of machinery and industry. In industry, there are 
numerous examples where tribology plays a very important role, including gears, 
bearings, clutches, lubrication and so on. It is unfortunate, however, that the term 
tribology is little known in industrial sectors despite its huge involvement in daily 
life as well as in industrial systems. Hence, it is required to communicate properly to 
all industrialists due to whom they can gain the knowledge of tribology in industrial 
systems. 

Therefore, the proposed book is very important to the entire industrial world. It 
covers the fundamentals and advancement occurring in the field of tribology in 
industrial systems. Furthermore, the proposed book explores the importance of com- 
ponent design and condition monitoring which can improve the performance and the 
life of individual components. The present book also explains the role of tribology in 
the so-called Industry 4.0; that is, the new era of industries. Moreover, the proposed 
book integrates the results obtained from the various researchers as the latest devel- 
opment in the reduction of wear and energy savings and presents a series of conclu- 
sions to promote better understanding of the sector across the industrial world. 
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1.1 INTRODUCTION 


Today, contact mechanics is one of the most interesting topics in the engineering field 
given its various applications [1]. Phenomena such as friction, wear, and lubrifica- 
tion are at the core of this study. The first formulation of the friction force [2] was 
provided by Amontons and Coulomb: 


F = uF, (1.1) 
where y represents friction coefficient, F, normal load and F, friction force. All the 
terms are referred to in Figure 1.1, which represents a block of mass m subject to a 


normal load. 
More precisely, Equation (1.1) is linked to these three results [3]: 


1. The friction force is proportional to the applied normal load. 


FIGURE 1.1 Example of friction force. 
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2. 'The friction force is independent of the apparent contact area. 
3. The friction force is independent of the sliding velocity. 


Point 1 is almost obvious, whereas point 2 is crucial because it underlines the differ- 
ence between nominal and real contact area. Indeed, for the effect of surface rough- 
ness, the real responsible of the contact between couplings are the asperities [4] who 
have a great influence on the friction coefficient. The final result does not find con- 
firm in experiments since that is a function not only of velocity but also of other 
variables, such as temperature, hardness, contact pressure. 

In reference to point 2, friction force can be expressed as the sum of two contribu- 
tions that consider the effect of both adhesion and hysteresis [5]: 


Fe = Fat Fi (1.2) 


Where: 


F, =TA, (1.3) 


Equation (1.3) highlights the dependence of the RCA (real contact area) by the 
shear strength 7 and it originates from intermolecular force between bodies, whereas 
the hysteresis term is connected to the energy dissipation due to the deformation of 
the bodies. Solving these formulations is not a trivial task, firstly, because the deter- 
mination of RCA is a very complex issue. Statistical approaches such as Greenwood- 
Williamson [6] tried to investigate the multi-asperity contact assuming a Gaussian 
distribution of the peaks, FEM techniques [7] that simulate the coupling between real 
surfaces or experimental techniques by in-situ machines realized ad hoc [8]. Secondly, 
many variables should be considered, but it depends on the case of study: adhesion 
[9], wear [10] are all phenomena associated with friction, involving particular rela- 
tions. Finally, the modelling of the contact, fractals [11], experimental [12] and 
numerical [13] are all satisfactory choices. In particular, fractals tried to overcome 
the main limitation of statistical approaches: the scale-measurement dependence. 
Each real object, unfortunately, cannot be considered completely smooth since it 
presents some degree of surface irregularities that vary according to the scale of mea- 
surement. In order to avoid this problem, fractals are objects whose shapes do not 
change with the scale. Indeed, the fractal function, described by Equation (1.4), pos- 
sesses the important properties of continuity, non-differentiability and self-affinity 
and so it is suitable for profile modelling and simulations [14]: 


00 2 n 
ue SA ae) withl<D<2 y>l (1.4) 


n=m 


This relation is known as the Weierstrass-Mandelbrot (W-M) function and the 
profile z(x) is related to a constant A, the fractal dimension D and frequencies y. On 
the other hand, there are some important disadvantages, such as the complexity of the 
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approach as well as the construction of the profile and the calculation of the param- 
eter D. Regarding that, the power spectrum method or innovative techniques [15] are 
good choices, whereas for the construction of the profile algorithms such as Random 
Midpoint Displacement [16] could help. 

In any case, in this work, the idea is to use statistical approaches presented in lit- 
erature and compare them with a FEM model. 

For all statistical models, the distribution of the asperities is considered Gaussian: 


p(2)= Ba aol oE (1.5) 


With ¢(z) being the normal probability density function of standard deviation o, 
and asperity heights z. This statement, obviously, is not the only one hypothesis but: 


1. Surfaces are homogenous and isotropic 

2. Peaks are modelled as spheres with the same radius of curvature 
3. No interactions between asperities 

4. Range of deformation elastic and plastic 


Moreover, according to Johnson [17], two elastic rough surfaces can be simplified 
as a rigid smooth flat and a deformable rough surface characterized by a series of 
spherical asperities. This coupling is subjected to a normal and tangential load (P and 
Q), as shown in Figure 1.2. 

The forces applied are usually solved by dimensionless method, i.e., by dividing 
the variables with o (standard deviation of surface heights). Equation (1.5) becomes: 


pe) pe Ze] os 2] ey (1.6) 


Where P, A and Q are: 


p(4)=04, [P(2-4)6 (2)az (1.7) 


Deformable Surface 


FIGURE 1.2 Schematization of the contact. 
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A(d’) =n, az co (e)a (1.8) 


O(a") =n A, [o(z ap (7 Ja: (1.9) 


With y density of the peaks, A, nominal area, d separation between surfaces. 
Q(d*) represents the tangential force necessary to destroy all the junctions between 
the contacting surface asperities. 

They represent the forces exchanged between asperities, but only when they are in 
contact. This happens when: 


o" >0 (1.10) 

Where w* is defined as (always in terms of dimensionless parameters): 
o =z -d (1.11) 
And it is essentially the deformation of asperities, related to the radius of the 


sphere (R) and the radius of the contact (a) as shown in Figure 1.3. 
With the relation: 


a=YRo (1.12) 


The three different models that will be discussed (in order of time) immediately, 
differ from each other for constitutive relations, but with the same starting point. 


FIGURE 1.3 Asperity modelled as sphere in Ansys environment. 
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1.2 MATERIALS AND METHOD 


In 2004, two authors, Kogut and Etsion, proposed an innovative model (KE) [18], 
trying to overcome the limit considered in another method (realized by Chang et al. 
[19]) about the underestimation of friction coefficient value related to the possibil- 
ity of asperities to deform elasto-plastically, such as resisting to an additional load 
before failure. By study of a single asperity deformation [20] under a rigid flat, they 
provided different relations according to precise deformations regime: 


Pp 2 d +a d' +60% d* +1100% 3 00 
Pt = E =" nBKot | noa f 11495 414 f pan, 3. f P | (113) 
AH 3 K 
d* d* +a d +60: d*+1100% 


+ With H hardness of the softer material and where: 


* „NP 
E = ) p (ae (1.14) 


O: 
e K hardness coefficient is equal to [19]: 


K =0.454+0.4lv (1.15) 


With v Poisson coefficient 


e p surface roughness parameter: 
B=nRo (1.16) 


e œ dimensionless critical interference [21]: 


2 
a EEE (1.17) 
2E 


+ E* Hertz elastic modulus of the two bodies: 


2 2 
= + (1.18) 


The four integrals are related respectively to elastic, elasto-plastic (second and third) 
and plastic region. 
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For the friction force, instead: 


d +o: d +60: 
o = 9 -27Bko0:(0.52 f p24 f -0.0175 
AH 3 (1.19) 
Li d+o 
0.091 — 0.41 40.851) 


In this case the limit expressed in the integral is not infinite but finite and equals 
to the maximum tangential load acceptable. 
Equations (1.13) and (1.19) are expressed by friction coefficient p: 


cO Y o (1.20) 


Actually, this relation should also consider adhesion force, but if the plasticity 
index (Equation (1.21)) is >1.4, adhesion effects (F,*) are negligible compared to 


contact load (E > o) A 


pat ¿ds (1.21) 
KHAN R 


Instead in 2008, Cohen, Kligerman and Etsion [22] provided a model (CKE) con- 
sidering two areas: one elastic and another elasto-plastic, governed by following 
equations: 


d" +6: 


zi pc f caie 
f e (1.22) 
P f (7-a) (re (ja 


d +8 
Y, is the virgin yield strength assumed as H = 3Y,. 


d* +6: 00 


ab f (¿ae (z )az + f (2-a) ro (z*) ae? (1.23) 


d d* +6: 
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TABLE 1.1 

List of Variables 

Variables Function 

C, 1.234 + 1.256 y 

5. 6.82v — 7.83(1? + 0.0586) 

a 0.174 + 0.08 v 

y 0.25 + 0.125 v 

Q > d +5: 3 
"=*= =ERpcCP" f 0.26(z* -d*)? 
£ AY, 3 P ( ) 
y 


1 0.46 
con 02 ((e-0)2v7 2) peje 
$ Î 026(2 ~<a’)? (1-1) 
d +5: 


son 027{(e = dee" +“) $ (2) i 


s e 


(1.24) 


Where the variables and their function in Poisson’s ratio are expressed in Table 1.1. 
And: 


5. = 8.0! (1.25) 


gN! 
IK =exp í G d) vaz) | (1.26) 


With the reformulated plasticity index: 


pre 2E ALE 


nC, (1-v) y, VR 


(1.27) 


With respect to the other method, the critical interference, which indicates the 
transition from elastic to elasto-plastic area, now is [23]: 


1 (1-v?)y, î 
al =| C, ER (1.28) 
2E 
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Finally, this approach gives important definite relations (valid for y > 0.25) 
between the variables involved: 


—0.lexp[-— 11.5 
A= (036+ at ey? A] (1.29) 
g= [0.26 7 (P ea (1.30) 
be (026 A alta joe (131) 


It is clear that all the factors are function of the plasticity index (in addition to the 
load) in the sense that if Yis high (contact essentially plastic between asperities) the 
tangential load is small (because asperities can tolerate less stress) and the force 
required to break the junctions is lower, as well as for the real contact area. Besides, 
Equation (1.29) confirms the proportional relationship between area and load: for a 
given plasticity index, the greater the load, the greater the number of contact peaks, 
and the greater the tangential force, but the less the coefficient of friction. This is true 
only for the assumptions made, i.e., for the negligible adhesion effect (valid for not 
smooth surfaces). 

The final model considered was realized in 2010 by [24] trio Li, Etsion and Talke 
(LET) with the aim to consider again the literature results for very high values of the 
plasticity index (the models discussed before have the limit of 8), so when the contact 
is essentially fully plastic. Therefore, the new equations become, in reference to three 
precise regimes of deformation (elastic, elasto-plastic and plastic): 


d* +82 
Pe E E 2 BC | (z ae (e)a 

d*+1106% 3 Í 

, f (=a) (1-1") 6° (r)a (1.32) 
d* +t 

me % 
sie a f (z-a )o' (2)az 
d*+1108č 
d* +62 
weber) | -eple 


a (1.33) 


+f (c-a)ierye(ejareaa | (e-e) (e) 


d +62 d* +1108% 
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d +5: 3 

2. Q 2 , mă 

0 = ay PC | o26(: a’) 
A 


1 0.46 
con 02 ((e-0) Zwet) peje 


00 


+ f 026(2 a")? (1-1) 


d +6 
sean{027{(e- 4) a gë +”) (e) i (1.34) 
ie 0% i E 
Hi f 0.26(z"-a")? (1-17) 
d +1106 


1 
scon{o27{(e-) Zwet] pee 


s 


These are quite similar to Equations (1.22)—(1.24) but except for the plastic zone 
and the integral extremes. Similarly, relations (1.29)-(1.31) cannot be accepted in 
this case. Indeed, when the plasticity index is greater than 9.5, a contradiction with 
friction laws happens: increasing the load, the friction coefficient increases. For these 
reasons, the new relationships become: 


A’ =(0.47+0.53 exp(-0.878"2)(pr) 4? ™ = (1.35) 
0' =(0.26+0.32 exp0.34p i) p) (1.36) 
u = (0.26 + 0.32exp(-0.34"”)(P* yee (1.37) 


That describes the behavior of y for Y'>8 as a constant trend, whereas for lower 
values as indicates by Equation (1.31). 

Having discussed the different models and considering the others explained in the 
work [4], the next figures try to summarize and to drive researchers to choose the best 
approach. The input is the mechanical and topographical properties of the samples. 
These properties are combined and considered in Tabor coefficient [25], that evalu- 
ates the impact of adhesion: 


* 1/2 
9 = poo) (1.38) 
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Where o, is the Gaussian standard deviation of the peaks, r radius of the asperities 
and Ay is the specific work per unit area required to separate two surfaces when they 
are in contact. When 9, is >10, the adhesion is negligible; otherwise it must be evalu- 
ated (first diamond). Going on the left (the part of the diagram where adhesion is not 
involved), Greenwood—Williamson (GW), Chang—Etsion—Bogy (CEB), and Zhao- 
Maietta—Chang (ZMC) are the choices (Figure 1.4). The differences are related to 
the GW plasticity index: 


| TOPOGRAPHICAL | 
| PROPERTIES / 


L 
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COEFFICIENT 
CALCULATION 


Geometry NO 
Mesh 
Constraints 


Kind of contact 


| SA A 
| 


| BOUNDARY | CONTACT MODEL 
/ CONDITIONS (BC) J DEFINITION 


¡AAA 


(COMPARISON WITH) 
STATISTICAL 
MODELS 


PA: A 
GW PLASTICITY 


INDEX 
CALCULATION 


NO YES 
T IS >0. 
( ELASTIC REGIME 
| ELASTIC REGIME 


COMPARISON WITH COMPARISON WITH 
GW MODEL SES ZMC 
MODELS 


u 


FIGURE 1.4 RCA statistical approaches algorithm (left side). 
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e 2s (1.39) 


When Y is >0.6 plastic regime is added to the elastic one, otherwise GW should 
be used. 

On the right-hand side, instead, the adhesion and friction variables are involved 
(Figure 1.5). Firstly, the adhesion force must be calculated. About that, considering 
again to the sample properties, and examining the adhesion map, the right model is 
chosen. The next step is the calculation of the friction coefficient and, in particular, 
the potential impact of adhesion force (as clarified before in Equation (1.21)). Finally, 
the comparison between the three models discussed in this work according to index 
explained in relation 27. 

The last investigation could be driven to compare the impact of adhesion in RCA, 
asperities deformation, pressure, etc. (Figure 1.6). 
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FIGURE 1.5 RCA statistical approaches algorithm (right side). 
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FIGURE 1.6 RCA statistical models’ algorithm. 
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TABLE 1.2 
Mechanical Properties of the Samples 

Young’s Modulus Poisson’s Hardness (H) Yield Strength 

(E) [GPa] Ratio (v) [/] [Vickers] (y) [MPa] 

Alloy EN-2030 72.5 0.33 100 250 
Steel 1.2343 210 0.28 245 1240 
Steel 1.3343 217 0.28 400 1850 
Steel 1.2379 210 0.28 600 1650 
Bronze CuSn,, 100 0.34 170 150 
TABLE 1.3 
Surface Parameters 
R, (um) 0.1 0.6 1 
m (um) 0.2942 0.83 0.63 
o, (um) 0.0926 0.445 0.249 
n (Im?) + 10° 2.8 2.02 1.22 


MatLab codes were built for these statistical models [4] and they were applied on 
different specimens whose profile is a circular base with a conical tip of height 10 
mm and diameter of the top contact area 200 um (nominal area 30,000 = um?). It was 
cut after a milling operation. Regarding that, 5 materials with different mechanical 
properties (Table 1.2), 3 types of roughness and surface parameters (Table 1.3), were 
considered, in contact with a sapphire smooth flat (Table 1.4), for a total of 15 con- 


formal couplings (Figure 1.7). 


TABLE 1.4 
Mechanical Properties of the Sapphire Flat 
Young’s Modulus Poisson’s Hardness (H) 
(E) [GPa] Ratio (v) [/] [Vickers] 
Sapphire 335 0.25 2710 


Yield Strength 
(y) [MPa] 


350 


FIGURE 1.7 Scheme of contact in Ansys environment. 
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All the surface peaks follow a Gaussian distribution with mean m and standard 
deviation o, indicated above. 

Successively, the topographical and mechanical properties were imported into the 
Ansys environment. Modelling by FEM is not a trivial task because of the complex- 
ity of the contact. Indeed, it can be seen as a clear example of a boundary non-linear- 
ity [26]. Nevertheless, thanks to the great improvement in scientific software, the 
results are accurate enough. In any case, a rigorous modelling is required. Because of 
the presence of friction interpreted as plastic failure mechanism, the conditions of the 
contacts are: 


1. Non-penetration ( a <0) 
2. Stick-condition ( oF =0) 

3. Plastic slip parameter (2 > 0) 
4. Friction force (f, < 0) 


Where the letter g indicates the gap function of the volume L in the normal direction 
N, defined as the difference between the displacements of the coupling samples (usu- 
ally referred as master and slave surfaces). In our -case study, because the specimen 
is fixed at distance d from the sapphire flat, the gap function equates to: 


8n+ =x(t)-d (1.40) 


Which must be always <0. Obviously, the same happens with the derivates of the 
vectors (impenetrability must guaranteed also for velocities [27]). 

The second ones indicate that there is no movement in the tangential direction 
until the tangential force is lower than the static friction force (f, = t — uN < 0). The 
last is A > 0, which represents the amplitude of the plastic slip. Actually, conditions 3 
and 4 can be combined in one relation: 


Af,=0 (1.41) 


These are the basis of the contact between the bodies implemented in Ansys. To 
ensure the non-penetration state, the Augmented Lagrange formulation was chosen 
as a reinforcement of the coupling. The reason was that this method is less sensitive 
(compared with Pure Penalty method) thanks to the extra term added and because it 
is usually recommended for frictional contact in large-deformation problems (that is 
our analysis). Moreover, the contact was discretized by Node (slave surface)-to- 
segment (Master surface) discretization: it was selected for its simplicity, mesh inde- 
pendence and range of applicability (large deformation and presence of friction). 

The mesh used, after the classical convergence process, was medium-sized with 
an average of 100,000 elements and 200,000 nodes, realized by the tridimensional, 
tetrahedral second-order element Solid 187. The roughness of the specimen, for both 
statistical and FEM models, was modelled as a series of spheres (Figure 1.8) 
following Gaussian distribution (Table 1.3) with different radius and distance equals 
to 1/n [4]. 
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FIGURE 1.8 Model of sample roughness. 


FIGURE 1.9 Ansys BC. 


The BC (boundary conditions) are represented, instead, in Figure 1.9. 

From this figure, it is evident that surfaces cannot move tangentially because of 
the presence of friction (all of the models regard static friction and stick condition), 
whereas the rigid surface can move along the z coordinate by a frictional contact. 

Hence, the contact algorithm, which considers all the features described before, 
can be summarized in this way: 


1. Start with the load applied (P) 
2. Check for contact if the conditions of no-penetration and no-sliding are 
respected 
a. If nodes/segments violate contact constraint 
Apply contact force (Augmented Lagrange) and constraint (Frictional 
contact) 
b. Else Go to simulation 
3. Solve the problem by a Newton—Raphson method (criterion chosen by 
program) 
4. Check convergence 
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a. If itis checked go to the next load 
b. Else choose another size 

5. Repeat the steps for all the loads 

6. Save the results in Excel Files 

7. End 


1.3 RESULTS 


The first part of the results is focused on the application of the statistical models on 
the real surfaces whose characteristics are discussed before. The analysis is strongly 
related to the plasticity index, which sets both mechanical and topographical proper- 
ties. The first limitation of KE and CKE models is about the relation between p and 
pt when the plasticity index is greater than 9.5. Indeed, it was observed that friction 
coefficient increases when load increases and it is in contrast with the classical laws 
of friction. Instead, the last one (LET) studies the behavior of the coupling when the 
contact is essentially fully plastic (g > 8). The simulations gave a constant trend as 
indicated by the LET model (our samples plasticity index is far greater than 8), as 
expressed in Figure 1.10 for steel 1.3343 and R, 1 um (this statement is, obviously, 
valid for all the materials and roughness) with an average value of 0.90: 

Having discussed this, other relations such as between load and separation 
(Figure 1.11), load and RCA (Figure 1.12), friction force and load (Figure 1.13) were 
investigated. 

As we can expect when separation between the surfaces decrease, load (or dimen- 
sionless load in this case) is higher because of the major number of asperities in 
contact and so the major load exchanged between them. The next figure is almost 
relevant because underlines the fundamental relation that many scientists are looking 
for: real contact area and load. Precisely both CKE and LET models are reported in 
the same graph for steel 1.2343 to highlight potential differences. 
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FIGURE 1.10 Friction coefficient as function of load R, 1 um. 
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FIGURE 1.11  Separation-dimensionless load curve R, 0.1 um. 
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FIGURE 1.12  RCA-load curve for CKE and LET models R, 0.1 um. 
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FIGURE 1.13 Friction force-load curve R, 0.6 um. 
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Firstly, the relation is linear for both the approaches, but there is a little distance 
about the area when load is greater than 25 N. The reason is the range of deformation 
that is elastic and elasto-plastic for CKE and elastic, elasto-plastic and fully plastic 
for LET. 

Finally, the classical relation between friction force and load is represented. 

The second part of the work results is instead referred to FEM analysis and the 
comparison with literature outcomes. For example, the effect of hardness on RCA 
confirms what was already found in other projects [4, 8], that is harder is the material, 
lower is the RCA (Figure 1.14, R, 0.6 um). 

The same happens for the roughness (Figure 1.15), that is the higher the rough- 
ness, the lower the area. In this graph the material CuSn,, is reported but the trend is 
the same for all the samples and it is more likely logarithmic than exactly linear with 
coefficient of determination equals to 0.90. About the deformation of the peaks, it 
was found that softer and rougher materials deform more than the others. 
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FIGURE 1.14 RCA-load curve for R, 0.6 um. 


RCA (%) 


| Roughness 


effect 


30 


Load (N) 


—— CuSn12 0.1 —— CuSn12 0.6 -——CuSn12 1 


FIGURE 1.15 RCA-load curve for CuSn,). 
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All these considerations, in the first instance, could determine the absence 
of effects of the friction on the coupling. Instead, relevant differences were 
found for RCA, pressure and deformation of the asperities as explained in 
Figures 1.16-1.18. 
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FIGURE 1.16 Comparison between RCA in the case with friction and with no friction for 
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FIGURE 1.17 Comparison between asperities deformation in the case with friction and with 
no friction R, 0.1 um. 
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FIGURE 1.18 Deformation-pressure curve for R, 1 um. 
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FIGURE 1.19 Comparison between models for R, 0.1 um (a), for R, 0.6 um (b), for 
R, 1 pm (c). 


It is evident that the presence of friction modifies the values of RCA and deforma- 
tion for a precise load. More precisely, when friction (and adhesion) is present, the 
area and in the same way the asperities deformation is higher [28-30]. This was 
foreseeable since the presence of friction determines a major amount of micro-welding 
among the peaks of the surfaces in contact, requiring more pressure to destroy them. 
Consequently, the deformation also is greater than the case with no friction for the 
same RCA, according to a linear trend with pressure with coefficient of determina- 
tion equals to 0.97. Lastly, a comparison between statistical and FEM model is pre- 
sented (Figure 1.19): a good agreement was found only for roughness 0.1 um, 
whereas for the other two the discrepancies are notable. In addition, this difference 
become higher when the roughness increases (especially from 0.6 to 1 um). 
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This happens considering the random behavior of asperities against the statistical 
approximation of equal radius for all the peaks, which has a great influence on the out- 
put, especially when the roughness is far away from low values (surfaces not smooth). 


1.4 CONCLUSIONS AND FUTURE DEVELOPMENT 


In this work the influence of friction on RCA was analyzed. Literature approaches, 
together with a FEM model, were used to get more answers about this field. After a 
brief state of art, the materials and the techniques adopted were explained. The vari- 
ous results can be summarized in this way: 


1. The relationship between RCA and mechanical and topographical proper- 
ties was kept valid 

2. The friction coefficient showed a constant trend with normal load 

3. RCA-load and asperity deformation-pressure curves followed, respectively, 
a logarithmic and a linear trend 

4. RCA, pressure and asperities deformation reached higher values than the 
case with no friction 

5. The comparison between statistical models and the FEM model exhibited a 
good agreement only for low roughness 

6. The asperities with smaller radius underwent more stress and deformation 
than bigger radius ones 


Finally, more investigations are necessary to establish a precise and unique theory 
about this field. For instance, studies could validate the model experimentally on the 
specimens and consider other techniques such as multi-scale analysis [13] or they 
include in the model other variables, such as temperature or the asperity interaction 
by using other criterion to identify peaks [31] and representing the surfaces at a 
microscopical level in different ways (for example, by changing the distribution of 
asperities from Gaussian to Weibull [32]). Finally, analyzing the coupling for differ- 
ent load conditions and materials could also be a good alternative. 
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2.1 INTRODUCTION 


Any mechanical system or machine has moving parts that come into contact after 
every cycle. The rubbing action induces frictional force between the sliding surfaces 
resulting in the wear of one or both of them and decreasing their life. The simplest 
and easiest way to reduce friction is lubrication. Lubrication is the process of apply- 
ing solid, liquid, or gaseous lubricant between the sliding surfaces so that it gener- 
ates pressure and increases their load carrying-capacity. The primary functions of a 
lubricant are to reduce friction and wear, reduce energy losses and extend the life 
of the mating materials, while other functions are to insulate from heat, to prevent 
corrosion and oxidation, and to keep the parts clean(like.) [1, 2]. The demand for an 
effective, long-lasting, and inexpensive lubricant is escalating with time on a global 
level with the dire need for energy conservation. In this situation, the researchers 
have to carefully select the perfect lubricant which behooves a particular application. 
Generally, all the lubricants have almost similar desirable qualities, including high 
viscosity, high viscosity index, low pour point, high flash and fire points, good oxi- 
dation stability, good corrosion resistance, non-toxicity, etc. [3]. Lubricants can be 
applicable in either open systems or closed systems. In open systems, the lubricant is 
clearly visible and is directly exposed to the environment. Hence it is gradually lost 
to the environment, directly contributing to the pollution. Examples of open system 
lubricants include chain saw oils, metalworking fluids, drilling fluids, etc. In closed 
systems, the lubricants are enclosed and are not directly exposed to the environment. 
Examples include engines, compressors, and so on [4]. Mineral oils have been used 
as lubricants for several decades in industrial and automotive applications. They pos- 
sess excellent lubricating properties, are widely available, durable and cheap [5]. 
However, there are certain issues related to mineral oils as they are not biodegrad- 
able, and are toxic and hazardous to the environment. They release harmful emis- 
sions to the atmosphere, which result in pollution and environmental degradation. 
They also face disposal problems and are harmful to terrestrial and aquatic life [6]. 
The mineral oil-based lubricants are derived from crude oil through the fractional 
distillation process and are their by-products. The energy demands of the world are 
rising very rapidly and the resources of crude oil are very limited which leads to 
price rise. Hence it is highly needed to decelerate the rapid exhaustion of resources 
to conserve energy. This approach does not allow the use of crude oil for lubricant 
production forever and some alternative should be available which should be renew- 
able, non-toxic, and environmentally friendly [7]. Plant oil-based biolubricants are 
being investigated by researchers and their lubricating abilities have been compared 
to those of mineral oils. They have better biodegradability, low toxicity, higher vis- 
cosity index, and a higher flash point than mineral oils. The plant oils contain triglyc- 
erides from the molecules of glycerol with fatty acids attached through the linkages 
of esters. They are effective in both hydrodynamic and boundary lubrication due to 
polar groups and long-chained fatty acids in their structure. The plant oils, which 
have a high quantity of monounsaturated fatty acids, are considered to be possible 
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future alternatives for lubrication [8, 9]. However, the bio-oils have certain disadvan- 
tages such as a high pour point, low oxidative stability, etc. which can be improved 
by certain modifications and introduction of additives [10-13]. The biolubricants can 
be produced from either edible or non-edible plant oils. However, due to the current 
policy of some countries, there are limitations on the utilization of edible feedstocks 
because they cause imbalances in the food cycle. Overuse of edible resources would 
eventually result in food scarcity, environmental imbalances, and deforestation [14]. 
Hence, the non-edible sources are preferable for biolubricant production as they are 
present in abundance. There are around 350 different types of crops around the world 
that can bear non-edible oils, most of which are cultivated on the wastelands and are 
cheaply and easily available [15, 16]. Only a few of them have been under examina- 
tion for their lubricating abilities, and hence further interest on the part of researchers 
is needed to utilize non-edible crops for biolubricant production. 

The current chapter aims to highlight the lubricating potential of bio-oils derived 
from non-edible resources which can mitigate the heavy dependence of the lubricant 
industry on petroleum oils and edible crops. It provides an overview of the benefits 
of using non-edible bio-oils as lubricants in place of mineral oils. Various non-edible 
oils are enlisted and their structural details are provided. Moreover, their extraction 
and conversion techniques are also discussed. This chapter will cater the idea of 
using non-edible oils as lubricants to the researchers which, in turn, will help in 
accelerating the research in the field. 


2.1.1 History AND IMPORTANCE OF LUBRICATION 


Lubrication is of paramount importance in almost all industries which involve 
machinery. Lubricants are applied between the two or more surfaces in mutual con- 
tact in order to allow their smooth functioning for a longer period. The primary pur- 
pose of a lubricant is to restrict the friction and wear between the contacting surfaces 
in motion, to dissipate the extra heat and prevent corrosion and oxidation, to protect 
the contact area from dirt, dust, and other foreign particles, etc. Once a lubricant has 
been applied, the contacting surfaces are separated by a thin protective film. This 
film restricts the direct contact of the surfaces and therefore restricts the friction and 
wear between them. The characteristics of a good lubricant are high boiling point, 
low freezing point, high viscosity index, high thermal and oxidative stability, corro- 
sion resistance, high flash and fire points, low pour point, etc. [17]. It is a challenge 
for researchers to allocate the most appropriate lubricant for a particular system that 
would increase its lifespan, efficiency, and reliability. It is widely believed that the 
concept of lubrication started in 1883, when oil was used to lubricate a journal bear- 
ing and its lubrication mechanism was studied [18]. In earlier history, before the 
discovery of crude oil, there was extensive use of vegetable oils and animal fats 
as lubricants in vehicles and machines. Olive oil-based calcium soaps were used 
by Egyptians to lubricate the wheel axes of carts [19]. Then the crude oil was dis- 
covered, and due to the excellent lubricating properties and low cost at that time, 
the petroleum-based oils assumed complete control of the lubrication sector. Then 
the rapid consumption of crude oil was started and industrial bloom was at its best. 
The exploitation of crude oil continued and after a few years demand increased and 
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prices rose steeply. Moreover, there was a dire need to conserve the fossils and also 
protect the environment from pollution, which gave rise to the need for vegetable 
oils as lubricants and enhanced the scope of research into them. Because of these 
developments, several companies around the globe have initiated the development of 
biolubricants [20-22]. 


2.1.2 DEFINITION OF BIO-OIL 


Bio-oils are derived from plants, vegetables, or animal fats. Vegetable oils are primar- 
ily comprised of triacylglycerols and fatty acid molecules linked to single glycerol. 
The fatty acids can be divided into different groups: saturated, mono-unsaturated, 
di-unsaturated, and tri-unsaturated. The triglyceride structure is the reason for its 
highly viscous nature and the high viscosity index. The most important advantages 
of bio-oils are that they are renewable, biodegradable, and non-hazardous to the envi- 
ronment when compared with synthetic oils and mineral oils [23-25]. Vegetable oils 
can be differentiated into two sections — edible oils and non-edible oils. The oils 
which are safe for human consumption and can become a part of our food are called 
edible oils while those which are unsafe or unfit to be eaten are called non-edible oils. 
This chapter focuses on non-edible oils that can or have been converted into biolu- 
bricants. The advantages of selecting non-edible oils over edible oils are that these 
are generally extracted from waste plants, and thus mitigates the effect of depletion 
of food crops to produce lubricants. These can grow on lands receiving either low 
rainfall or high rainfall and their cultivation can be extended with the help of cut- 
tings and seeds. Where wastelands that are not suitable for food crops are available, 
the farmers should expand the cultivation of non-edible crops which would provide 
enough base material for biolubricant production. The non-edible oils are renewable, 
biodegradable, readily available, pest resistant, disease resistant, having higher heat 
content with a low sulfur percentage. A large number of non-edible crops are avail- 
able from which oil can be extracted. Some common non-edible oils along with their 
fatty acid combinations are enlisted in Table 2.1 [14, 26, 27]. 


2.1.3 Why BIOLUBRICANTS 


With the diminishing crude oil reserves and environmental pollution concerns, it 
has become vital to look for a substitute, something which has at least comparable 
properties or better. After the industrial revolution and modernization, the energy 
demands have spiked enormously, resulting in overdependence on petroleum oils. 
This has been followed by an escalation in fuel prices and increased pollution due to 
more consumption and emissions. This rapid consumption of petroleum oils needs to 
be de-escalated to conserve energy and save the environment. Moreover, due to the 
direct pollution in the open lubrication systems, environmentally friendly and biode- 
gradable lubricants are in great demand. Various researchers have concluded that bio- 
oils have staggering lubrication capabilities. This is primarily due to their impeccable 
properties of high viscosity, high viscosity index, biodegradability, renewability, high 
flash and fire points, non-toxicity, low pour point, high metal adherence, and so on. 
These properties have made bio-oils strong contenders to partially replace the use of 


TABLE 2.1 


Fatty Acid Combinations of Various Non-Edible Bio Oils 


Jatropha oil 
Neem oil 

Jojoba oil 
Castor oil 
Karanja oil 
Kusum oil 
Soapnut oil 
Mahua oil 
Calophyllum Inophyllum 
Yellow oleander 
Deccan hemp oil 
Rubber seed oil 


C14:0 


1.4 
0.2-0.26 


C16:0 


12.7-15.6 
14.9 
0.3 
1.1 
3.7-7.9 
10.35 
4.6 
16-28.2 
14.5-18 
15.6 
5.2 
10.2 


C16:1 


0.7 
0.1 
0.3 


C18:0 


5.5-9.7 
20.6 
0.2 
3.1 
2.4-8.9 
11.11 
1.5 
14-25.1 
18.5-20 
10.5 
13.1 
8.7 


C18:1 


39-40.8 
43.9 
9.3 
4.9 
44.5-71.3 
27.08 
53 
41-51 
37.5-42.7 
60.9 
57.1 
24.6 


C18:2 


32-41.5 
17.9 
0.2 
1.3 
10.8-18.3 
6.14 
5 
8.9-17.9 
13.7-26.3 
5:2 
20 
39.6 


C18:3 


C20:0 C20:1  C22:0  C22:1 C24:0 
0.2-0.4 
1.6 — 0.3 = 0.3 
— 77 0.1 12 0.1 
0.7 
4.1 2.4 5.3 = 1.1-3.5 
15.79 6.17 0.01 — — 
7 23 1.5 1 0.45 
0-3.3 
0-0.94 0-0.72 — — 2.6 
0.3 — 0.1 — — 
0.3 — 
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fossils for the production of lubricants [28, 29]. Over recent years, bio-oils have been 
used in lubricating a number of different mechanical systems. E.g, in automotives, 
hydraulics, chain saws, gears, tractor transmissions, compressors, gas engines, steam 
engines, motors, chain bars, steel industries, as metalworking fluids, as metal casting 
fluids, as greases, etc. However, the bio-oils are generally associated with poor low- 
temperature properties, low oxidation, and thermal stability. These shortcomings in 
bio-oils can be recuperated up to a large extent by the introduction of suitable addi- 
tives [1, 30, 31]. 


2.2 EXTRACTION METHODS 


Vegetable oil can be extracted from its seeds and kernels by any of the following 
three methods. 


2.2.1 MECHANICAL COLD PRESSING 


This is the most commonly used method because of its simplicity. In this method, 
seeds are first dried at high temperatures in an oven or under the Sun and then fed 
to the screw press which is mechanically driven to crush them. A manual or engine- 
powered ram is used for this purpose and both seeds and kernels can be crushed to 
extract oil from them. However, this method has low efficiency and can extract only 
about 60 to 80% of the oil available in the seeds and kernels. Moreover, after the oil 
is received, filtration and degumming need to be done. Hence this method is not very 
feasible and other methods have been developed [14, 32, 33]. 


2.2.2 SOLVENT EXTRACTION 


This process is also called leaching. It is essentially a chemical process in which the 
oil is extracted from the seeds by dissolving it in a liquid solvent of low viscosity. 
Later the solvent is removed from the extracted oil. The speed of extraction depends 
upon the size of particles, type of liquid, and temperature of the solvent. This pro- 
cess results in the highest yield in terms of the percentage of oil extracted, but is 
suitable and economical at mass-scale production. Three methods can be used in 
the solvent extraction process: (1) Hot water extraction; (ii) Soxhlet extraction; (iii) 
Ultrasonication process [14, 32, 33]. 


2.2.3 ENZYMATIC OIL EXTRACTION 


In this process, the extraction of oil from the crushed seeds is done by utilizing 
some desirable enzymes. The biggest disadvantage of this process is that it is time- 
consuming. However, it doesn’t generate toxic compounds and is hence environmen- 
tally friendly [14, 34, 35]. 


2.3 THE CONVERSION PROCESS TO BIOLUBRICANTS 


Generally, the methods below are employed to convert raw vegetable oils into 
biolubricants. 
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2.3.1 TRANSESTERIFICATION 


It is a chemical process of converting triglycerides into glycerol and fatty acid methyl 
esters by reaction with alcohol or methanol. Acids or bases are used to catalyze the 
reaction. The final products have superior lubricating characteristics such as low pour 
point, high oxidation stability, improved low-temperature qualities, etc. Their quan- 
tity is controlled by varying the quantity of added alcohol [36, 37]. 


2.3.2 HYDROGENATION 


In this process, hydrogen is added to the oil molecule via a chemical reaction in 
presence of a catalyst like Ni or platinum. The properties of hydrogenated vegetable 
oils are very much dependent on the presence of hydrogen and the number of double 
bonds. It consists of three chemical reactions which take place simultaneously: (i) 
Saturation of double bonds; (ii) Geometric isomerization; and (iii) Positional isom- 
erization. One disadvantage of this process is that the Ni catalyst increases the toxic- 
ity of the oil. Hydrogenation can be either partial or selective [38, 39]. 


2.3.3 EPOXIDATION 


Epoxidation is a very useful process because of its ability to perform a long range 
of reactions in ordinary conditions. Epoxides are formed by the reaction of alkenes 
and peroxy acid. The epoxidized vegetable oils can be manufactured by the reaction 
of peroxy acids with double bonds. They have better anti-friction characteristics but 
have poor high-temperature stability. After the epoxidation, the epoxidized oil is sub- 
jected to the ring-opening and esterification process [40, 41]. 


2.3.4 DIRECT MIXING OF ADDITIVES 


Some suitable additives can directly be added to vegetable oils in definite percent- 
ages in order to ameliorate their properties. Different additives have different func- 
tions and hence should be chosen carefully and suitably for a particular application. 
Generally, the additives are solids or liquids in nature and are added in small propor- 
tions by volume or weight, depending on the requirement. To ensure the proper and 
uniform mixing of additives in the base oil, magnetic stirring or ultrasonication is 
employed for a few hours. The blend prepared has better rheological and tribological 
properties than the base oil. 


2.4 TYPES OF ADDITIVES USED IN LUBRICANTS 


Despite being highly sought after, pure bio-oils lag behind in certain specific prop- 
erties. These properties can be improved by the addition of some proper additives. 
Additives can comprise from 0.1% to 30% of the base oil, depending upon the partic- 
ular application. However, while selecting an additive for a bio-oil, its biodegradabil- 
ity and non-toxicity need to be taken into consideration. We cannot kill the primary 
motive of using biolubricant by adding toxic products to it. Some common types of 
additives used are as under:- 
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2.4.1 ANTIOXIDANTS 


Antioxidants are added to hamper the oxidation of the lubricant, ensuring that it 
stays for a longer time and fulfills its purpose in the industry. With increasing veloc- 
ity and temperature, the lubricating oils are more susceptible to oxidation, which 
results in more friction and wear [42]. The oxidation rate is dependent on various 
factors like the presence of oxygen and water in the oil, temperature, velocity, wear 
debris presence, etc. Hence antioxidants are added to the oil to defer or hinder the 
oxidation process by enhancing the oxidation resistance of the oil. Examples of best 
antioxidant additives are zinc diamyl dithiocarbamate (ZDDC), zinc dialkyl dithio- 
phosphate (ZDDP), amines, etc. [43]. 


2.4.2 DETERGENTS AND DISPERSANTS 


These additives are generally used in engine oils to expand the life of the lubri- 
cant, increase the efficiency of the engine and maintain its cleanliness. Engine 
oils are continuously subjected to high temperatures and combustion products like 
sludge. These additives prevent the agglomeration of sludge particles and disperse 
them. They also neutralize any gases formed as a result of incomplete combus- 
tion. Some additives are multifunctional and act as both detergent and dispersant. 
Some common examples are phosphates, sulfonates, phenates, calcium, barium, 
etc. Sulfonates and phenates are toxic and not environmentally friendly, and hence 
should be avoided [44]. 


2.4.3 Viscosity MODIFIERS 


Viscosity is a very important property of a lubricant and is directly related to its 
performance. A highly viscous lubricant will result in temperature rise and the accu- 
mulation of foreign particles while a low viscous lubricant may be unable to lubricate 
the sliding surfaces properly as it will increase the contact between them. Hence we 
have to strike a balance between the two. Additives called viscosity modifiers are 
added to improve the viscosity of a lubricant. They are generally fluids of very high/ 
low viscosities. Ethylene-vinyl acetate copolymer is reported to increase the viscos- 
ity of the vegetable oils which are having low viscosity [45]. 


2.4.4 Viscosity INDEX IMPROVERS 


Viscosity Index (VI) of a lubricant is a measure of change in its viscosity with respect 
to temperature. If a lubricant is having high VI, this means it will not exhibit much 
change in its viscosity with the changing temperatures. Generally, the VI of bio-oils 
is high but it can still be improved by adding VI improvers like ZnDDP, polymethac- 
rylate, which ameliorate their low-temperature as well as high-temperature viscosity, 
and hence overall lubrication performance of the lubricant [46]. 
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2.4.5 RUST AND CORROSION INHIBITORS 


The presence of some products like sulfur, phosphorus, chlorine, iodine, oxygen, 
water, etc. in the oil can cause damage to the machine parts by corroding them, and 
hence need to be eradicated. Rust inhibitors, such as barium, calcium, etc., are used 
to protect ferrous metals from corrosion while corrosion inhibitors like benzotri- 
azole, zinc diethyl dithiophosphate, zinc diethyl dithiocarbamate, etc. are used to 
restrain the corrosion of non-ferrous metals. They adhere to the metal surface and 
form a durable protective film [43]. 


2.4.6 NANOPARTICLES 


Nanoparticles have staggering anti-friction and anti-wear properties and can be 
added directly to bio-based lubricants in small percentages in order to improve their 
performance. When nanoparticles are added as additives to a lubricant, it is then 
called a nanolubricant. The performance of a nanolubricant depends upon the size, 
concentration, and shape of the nanoparticles present in it. The nanoparticles should 
be carefully mixed and their uniform dispensation in the oil should be ensured to 
avoid agglomeration. If the nanoparticles form agglomerates in the oil, it results in 
a higher 3-body abrasive wear. Nanoparticles like TiO,, ZnO, MoS,, CuO, etc. are 
very effective as they establish a ball-bearing-type effect between the sliding surfaces 
and hence reduce friction between them. The nanoparticles perform their function 
by reacting with the oil and the environment, and thereby forming a protective tribo- 
layer on the surfaces. This layer prevents the direct contact of materials and reduces 
friction and wear [47, 48]. 


2.4.7 Pour Point Depressants (PPDs) 


The pour point of a liquid is the minimum temperature below which it stops flowing. 
Generally, bio-oils have poor low-temperature properties as they cease to flow when 
the temperatures start dipping below zero degrees Celsius. PPDs can be added to 
base oils in very small quantities to enhance their low-temperature properties. They 
work by hindering the development of wax crystals and allow the smooth flow of oil 
at low temperatures. E.g, polymethyl acrylate, poly-alpha-olefin, alkyl naphthalene, 
etc. [44, 49]. 


2.4.8 FRICTION MODIFIERS 


These are the most significant type of additives added to bio-oils. These additives 
reduce the friction between the contacting surfaces of a tribo-pair. The additive par- 
ticles become adsorbed on the surface, act as ball bearings and convert the sliding 
friction into rolling friction. The friction modifiers are efficiently effective at low 
temperatures and loads. 
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2.4.9  ANTI- WEAR ADDITIVES 


These additives are generally composed of phosphorus, sulfur, and chlorine 
[14]. They utilize the process of chemisorption instead of adsorption and react 
with the surface, forming a very enduring layer that can also withstand high 
temperatures. 


2.4.10 EXTREME PRESSURE (EP) ADDITIVES 


These are specially formulated to withstand high pressures and velocities. They 
reduce friction and wear by forming a film of low shear strength on the surface. The 
concentration of EP additives should be well optimized as too a high concentration 
results in corrosion and too low a concentration may not be able to reduce friction 
and wear to a desirable level. Examples are molybdenum disulphide, lead naptha- 
lenes, etc. [43, 50]. 


2.5 CHALLENGES TO ENCOUNTER 


The prime issues with using biolubricants are their inferior low-temperature endur- 
ance and poor oxidative stability. It ceases to flow as the temperature dips into minus 
degrees due to the swift and early evolution of wax crystals. Generally, raw vegetable 
oils cannot withstand high temperatures and they oxidize quickly. These problems can 
be mitigated by a selection of suitable additives according to the application. The pour 
point of the oil needs to be reduced in order to make it suitable for low-temperature 
lubrication while increasing the flash and fire points would help them withstand 
higher temperatures. Moreover, some other hindrances in exploiting the non-edible 
resources are collecting from different and far-flung locations, bad quality of plants 
or seeds, available only for a short period of time, inappropriate and weak marketing, 
poor technology in harvesting and processing, etc. [14]. 


2.6 CONCLUSIONS 


Bio-oils have enormous capabilities to partially replace petroleum-based lubricants 
and be a substantial part of the lubrication industry. Bio-oils can be extracted in a 
number of easy ways and are easily available in large quantities. Non-edible sources 
are more preferred to avoid food crop depletion as most of them are useless other- 
wise. Even after wide-ranging research about these oils, they have been little used 
to date. This is because of their lagging in certain areas to match with synthetic 
and mineral oil-based lubricants. These areas can be fortified by the wise selection 
of additives for the specific application. It is inevitable to find non-edible bio-oils 
becoming a prime source of lubricants in the coming years. 
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3.1 INTRODUCTION 


Rotary machines use the hydrodynamic journal bearing to support heavy loads in 
the turbines of power plants. The bearings of such machines are failing due to their 
inability to sustain the heavy loads in power plants. The sustainability of rotating 
machinery running at higher speeds is attributed to the design of journal bearings 
for the smooth functioning of power plants. The use of nanoparticles in biolubri- 
cants in journal bearings provide enhanced load-carrying capacity. The addition 
of nanoparticles enhances the viscosity which thickens the lubricant and affects 
performance. 

In the conventional bearing design, the lubricant was assumed to be Newtonian 
and the bearing shell to be rigid. Soni et al. [1] and Tayal et al. [2] reported the per- 
formance characteristics with these assumptions. When heavy loads are considered 
in the bearings the deformations affect the clearance space geometry of the bearing 
to such an extent that the performance characteristics may differ for those computed 
with rigid bearings. The elastohydrodynamic analysis of the circular and non-circular 
bearings for Newtonian lubricants were reported by Nair et al. [3, 4]. To improve 
certain characteristics, the small particles of solids/liquids were added to the lubri- 
cants and these behaved as couple stress fluids. The suspended particles thicken the 
lubricant and, in turn, enhance the performance characteristics of the journal bear- 
ings. This also increases the viscosity of the lubricant film. Prakash and Sinha [5] 
explored the static characteristics of a journal bearing with micro polar fluids. Nair 
et al. [6] studied micro polar lubricant affects in the static performance characteris- 
tics of elastohydrodynamic journal bearings. 

The performance (static and dynamic) characteristics of multi-lobe (journal) 
bearings are significantly influenced by limited (partial) texture/slip patterns on the 
lobed configurations. Therefore, the analysis of lobed configuration with limited 
(partial) texture for the improvement of the bearing (multi-lobe) performance is 
presented. The analysis of texturing to improve the static, dynamic and stability 
characteristics of multi-lobe journal bearings encompasses tribology for sustain- 
ability. Based on the literature available, it can be concluded that the chemical 
modification of vegetable oils along with proper nanoadditives have the potential to 
replace depleting and harmful mineral oil lubricants. The addition of nanoparticles 
enhances the tribological properties and, in turn, the performance characteristics of 
the journal bearings. The viscosity of the biolubricants increases with nanoaddi- 
tives and thus there is also an improvement in the static performance of bearings. 
There is a shortage of existing studies which show the analyses of hydrodynamic 
journal bearing with nanoadditive biolubricants. Therefore it is useful if the perfor- 
mance characteristics of circular journal bearings with biolubricants’ nanoadditives 
are computed. 


3.1.1  BIOLUBRICANTS 


The depletion of fossil fuel resources for energy purposes has led to a demand for 
alternative biodegradable oil feedstock and sustainable additives. The biolubricants 
selected should be environmentally friendly. Nagendramma and Kaul [7] reported 
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that vegetable oils have higher flashpoints, have a viscosity index, are less toxic, 
and are characterized by lubricity. They are also biodegradable. Coconut oil [8], 
sesame oil [9], rice bran oil [10], date seed oil [11], castor oil [12], jathropa oil 
[13] and rubber seed oil [14] have all been cited by previous studies as potentially 
environment-friendly feedstocks for biolubricants. These vegetable oil lubricants 
are biodegradable, nontoxic, environment-friendly, adherent to metals, and have 
improved tribological properties. The major disadvantages with biolubricants being 
poor oxidation stability and high viscosity at lower temperatures [7]. The nanopar- 
ticle additives to vegetable oils can overcome these disadvantages. Several research- 
ers have reported the use of nanomaterial additives in biolubricants. Thottackkad 
et al. [15] investigated the addition of CuO to the coconut oil-enhanced tribological 
properties of biolubricants. Gemsprim et al. [16] discussed the enhanced tribological 
evaluation of blends of vegetable oils. Nair et al. [17] studied the effect of tribologi- 
cal properties with TiO, and ZnO in sesame oil. Ahmed et al. [18] reported improved 
tribological properties of date seed and castor oil blends with halloysite clay nano- 
tubes as additives. 


3.1.2 Coup Le STRESS FLUIDS 


The bearing performance characteristics in hydrodynamic lubrication are enhanced 
with the use of lubricants with additives, such as couple stress fluids which take 
into account the additive properties in lubricants. The journal-bearing performance 
characteristics are widely obtained using micro-continuum theory based on a simpli- 
fied couple stress fluid model [19]. The couple stress fluid-lubricated journal bearing 
were widely investigated in literature: analysis of couple stresses on finite journal 
bearing characteristics [20], couple stress fluid lubrication with the elastic defor- 
mation of finite journal bearing liner [21], porous media and couple stress models 
on thin film lubrication of journal bearing [22]. The performance characteristics of 
journal bearing are significantly improved by taking into consideration of surface- 
adsorbent layers and couple stress fluids. 


3.1.3 NANOPARTICLE ADDITIVE LUBRICANTS 


The viscosity plays an important role in the load-carrying capacity of the journal 
bearings. The addition of nanoparticles to biolubricants enhances the viscosity, which 
also alters the performance characteristics of journal bearings. Based on Einstein’s 
work applicable to relatively low particle volume fraction, the viscosity of spherical 
particle suspensions in fluids has been derived. Einstein’s equation is extended by 
Brinkman [23] to a more generalized form considering moderate particle volume 
fraction. The Brownian motion effects are considered by Batchelor [24] to predict the 
viscosity of spherically-shaped nanoparticle additives. The performance characteris- 
tics of fluid film journal bearings with nanoparticle additive lubricants are enhanced 
due to the higher viscosity of nanofluids compared to base fluids. The enhancement 
in the performance characteristics of hydrodynamic journal bearing with nanopar- 
ticle additive lubricants are investigated [25]. 
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3.1.4 THREE-LAYERED JOURNAL BEARING 


The structure and properties of fluid film have a significant impact on the load capac- 
ity and the coefficient of friction in a three-layered journal-bearing lubrication. A 
composite-film journal bearing that consists of immiscible high/low viscosity layers 
adjacent to bearing/journal surfaces respectively offers an approach to the friction 
reduction in hydrodynamic bearings [26]. A rheological model applicable for thin 
films includes the analysis of adsorbent layer at solid surfaces of higher viscosity 
than a base core film [27]. Based on the generalized Reynolds equation for thin films 
of adsorbent layer at solid surfaces with a base core film [27, 28], higher load capac- 
ity and lower friction coefficient are obtained in a journal bearing. The nanoadditive 
couple stress fluids with the surface-adsorbent layer increases nondimensional load 
capacity and reduces the coefficient of friction [29]. The influence of nanoadditive 
couple stress fluids with the surface-adsorbent layer is of considerable interest in the 
analysis of hydrodynamic lubrication. 

This study presents an analysis of load capacity and the coefficient of friction in a 
three-layered journal bearing with nanoparticle additive couple stress fluids. The 
authors derive a modified form of the Reynolds equation using different bearing/ 
journal surface-adsorbent fluid film layer thickness ratios. The nondimensional pres- 
sure and shear stress expressions are obtained from the integration of modified 
Reynolds equation based on the Reynolds boundary conditions. The nondimensional 
load capacity and coefficient of friction are analyzed for: (i) journal eccentricity ratio 
(e); (11) couple stress parameter (2); (111) dynamic viscosity ratio of bearing/journal 
surface to base (core) layer (f,,/f,3); (tv) bearing/journal surface-adsorbent fluid film 
layer thickness ratio (A,/A,); and (v) nanoparticle volume fraction (y). 


3.2 METHODOLOGY 


The journal bearing schematic with three-layered nanoadditive couple stress fluids is 
shown in Figure 3.1. The couple stress fluid film region I: 0 < y < 6, (adsorbent lay- 
ers) and the couple stress fluid film region III: h — 6, < y < h (adsorbent layers) are 
of higher viscosity than couple stress fluid film region II: 6, < y < h — 6, (core layer) 


| Bu = Ha ¿Bs = Hs ,. =p, and B, = Ha ) . The assumptions in the one-dimensional 
É È Hp 


Bearing 
Journal 


Fluid region-Ill 
Fluid region-II 


Fluid region-l 


FIGURE 3.1 Journal bearing with three-layered nanoadditive couple stress fluids. 
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analysis are as follows: the pressure in the journal bearing is a function of sliding 
direction and the variation of pressure across the fluid film is assumed to be negligible. 


3.2.1 MODIFIED REYNOLDS EQUATION 


Based on the couple stress fluid theory, the simplified momentum equation for 0 < 
y <6, forj=1, 8; <y <h- ô, forj=2 and h — ô, < y < h for j = 3 is 


3.1 
nd n d? dy a 
The boundary conditions for velocity used in the analysis are 
e du 
y = Oat the at the bearing surface: u = Qand—— =0 (3.2) 
y = ô at the interface of bearing adsorbent and core layer: u, = uy = up, 
2 2 
y tie and OG (3.3) 
dy dy dy dy 
y = h-— 6» at the interface of the core and the journal adsorbent layer: 
2 2 
ua = uy = ups and pa 2 = pO E dana =0 (3.4) 
dy dy dy dy 
. dus 
y = hat the journal surface: uz = u; and —> = 0 (3.5) 


Based on Batchelor’s [24] model, the dynamic viscosity ratio of nanoparticle 
additive fluid to base fluid is 


B, = Fr = (142.5y +6.5y?) (3.6) 
My 


Integrating Equation (3.1) using the boundary conditions in Equations (3.2)-(3.5), 
the at the non-dimensional velocity distribution are expressed as 


0<Y <A, in bearing adsorbent layer: 


U =Up E. A piy Aj (3.7) 
A, 2BJB,, do Bui Bn 
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A, SY < H-A, in core layer: 


U, =U, +(Uz, Us) oa 


+A, l aE o y i ME (e A,)(Y-H+A)) (3.8) 


H — A» <Y < Hin journal adsorbent layer: 


Us =Ux +(1 uy) (Tt) 
2: 
1 dP > 1 dP 
Y-H)(Y-H+A A E 
"pap, ae OA AO GA 


where 


sinn ZAE )_ sinn 2-2) 
C =| 1+ n d 


ae , (3.10) 
sim PEA] 


si) in LEA) 
C, =|1+ 53 53, 


1 dP 1 dP 
Uy =F, FU = F Fa (3.11) 
B, d0 B, dO 
EE _ EnEn — EnEn 
F, „PF > 
En En — En Er Ey, Ex — EnEr 
F, EnEn F= -EzE + En F539 (3.12) 


= 244 
EnEn — Enba EnEn Ep E»; 
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; 1 1 
En = p ! „En = Ei 
A, (H-A¡-A)) (H-A,-A;) 
Bs 1 * * 1 
Ey = „E Asti — Ap Ha + (HA), 
22 A (ERA) 13 sli 2 A 2) (3.13) 
Esy = 75, Ez = —Ay3H3 — A, + (H A.) 
Hi =| coth A csch A ; 
Asi Asi 
el HANA HA 
H} =| coth csch i 
2 E In | In ) (3.14) 
H} = | coth Az csch Ay 
As3 Ass 
Asi = A „Asa = 2 ¿An = k (3.15) 
Baba V Bf NB, 
H =1+e cos (3.16) 
The continuity equation across the film is 
A H-A H 
0 A H-A 
The continuity equation across the film in Equation (3.17) is simplified as 
aie A ae (3.18) 
do G, 
where 
1 1 1 
G, = A+ F(H A,)+ F,(H A,) (3.19) 
2 2 2 
3 (H-A\-A,) NA 42 
G, = (a Ar) +1 Fi (H A,)+ A; ml 1 2) $ A) AA 
2 2 128, 12 128, Bs G 20) 
2 3 py* 3 * . 
A? (H A, A») AA + 24,1 A; + 2033 + 24,4; 


Bs3 Bs: Bs 
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3.2.2 LOAD CAPACITY 


The Reynolds boundary conditions are used in the analysis. Integrating Equation 
(3.18) and substituting the Reynolds boundary conditions for nondimensional pres- 
sure at film reformation (Pl, _ y = 0) yields the nondimensional pressure profile as 


0 0 
G 1 
P= pr | L do of de (3.21) 
0 G 0 G 


Substitution of the Reynolds boundary conditions for nondimensional pressure at 
film rupture (Pl, _ y, = 0) in Equation (3.21) and simplifying results in Q as 


(3.22) 


Substituting the Reynolds boundary conditions for nondimensional pressure at 
dP i ‘ f A ae 
film rupture E | 0=0,= o) in the expression for nondimensional pressure gradient in 


Equation (3.18), results in 
Q = Gilo-o, (3.23) 


The Newton-Raphson iterative procedure is used to solve simultaneously both 0, 
and Q using Equations (3.22) and (3.23). 
The nondimensional load capacity is 


W= W: + Wy (3.24) 


o, 6, 
where W, = -fP cos0 d0 and W, = fr sin0 d0 


0 0 


3.2.3 COEFFICIENT OF FRICTION 


The nondimensional shear stress in the journal bearing at Y = H is obtained as 


dU; 
II =H 7 sn E 
ly n= BB dY len 


= AL 1 22 )+( 2 e, Bs + Bi AsH; ] (3.25) 
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The nondimensional friction force is 


F= fr dé (3.26) 


The nondimensional friction coefficient is Cy = (4) Z = = 
w 


3.3 RESULTS AND DISCUSSION 


An analysis of journal bearing with three-layered nanoadditive couple stress fluids 
is presented. The parameters included in the investigations are as follows: journal 
eccentricity ratio (e) = 0.1—0.5; couple stress parameter (A) = 0.05-0.2; dynamic 
viscosity ratio of bearing/journal surface to base (core) layer (P/P) = 1-4; bearing/ 
journal surface-adsorbent fluid film layer thickness ratio (A,/A,) = 0.05-0.2; and 
nanoparticle volume fraction (yw) = 0.0-0.04. The influence of journal eccentric- 
ity ratio (e), dynamic viscosity ratio of bearing/journal surface to base (core) layer 
(B,1/P,3), couple stress parameter (4), and bearing/journal surface-adsorbent fluid film 
layer thickness ratio (A,/A,) on the nondimensional load capacity and coefficient of 
friction are analyzed. 

Figures 3.2(a—d) show the nondimensional load capacity (W) of a journal bearing 
with three-layered nanoadditive couple stress fluids. Figures 3.2(a and b) show that 
the nondimensional load capacity significantly increase with increasing journal 
eccentricity ratio (e) and couple stress parameter (1). The nondimensional load 
capacity (W) increases (1) substantially with increasing couple stress parameter (2) 
from 0.1 to 0.3, and (ii) marginally with increasing nanoparticle volume fraction (y) 
from 0.0 to 0.04. Figures 3.2(c and d) show that the nondimensional load capacity 
(W) increase with increasing journal eccentricity ratio (e) and bearing/journal 
surface-adsorbent fluid film layer thickness ratio (A,/A,). The influence of dynamic 
viscosity ratio of bearing/journal surface to base (core) layer (f,,/6,,) on the enhance- 
ment in the nondimensional load capacity (W) is higher at higher journal eccentricity 
ratio (e) and higher bearing/journal surface-adsorbent fluid film layer thickness ratio 
(A,/A,). However, the bearing/journal surface-adsorbent fluid film layer thickness 
ratio (A,/A,) configuration with similar values of dynamic viscosity ratio of bearing/ 
journal surface to base (core) layer (f,,/f,;) has an identical influence on the enhance- 
ment in the nondimensional load capacity (W). 

Figures 3.3(a—d) show the coefficient of friction (C,) of a journal bearing with 
three-layered nanoadditive couple stress fluids. Figures 3.3(a and b) show that the 
coefficient of friction (Cy) decrease significantly with increasing journal eccentricity 
ratio (e) and couple stress parameter (2). Figures 3.3(c and d) show that the coeffi- 
cient of friction (C;) decrease with increasing journal eccentricity ratio (e), bearing/ 
journal surface-adsorbent fluid film layer thickness ratio (A,/A,), and dynamic vis- 
cosity ratio of bearing/journal surface to base (core) layer (f,,/f,;). The reduction in 
the coefficient of friction (C) is higher with a higher journal eccentricity ratio (e) and 
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FIGURE 3.2 Nondimensional load capacity. 


higher bearing/journal surface-adsorbent fluid film layer thickness ratio (A,/A,). 
Similar to the nondimensional load capacity (W) characteristics, identical values of 
the coefficient of friction (Cy) are obtained for the bearing/journal surface-adsorbent 
fluid film layer thickness ratio (A,/A,) configuration with similar values of dynamic 
viscosity ratio of bearing/journal surface to base (core) layer (f,,/f,;). The coefficient 
of friction (Cy) is not influenced by the increase in nanoparticle volume fraction (y) 
from 0.0-0.04. The coefficient of friction (Cy) is not affected by nanoparticle volume 
fraction (yw) [29], as both nondimensional pressure and nondimensional shear stress 
increase by the magnitude of $, for Newtonian fluids (A = 0). 


3.4 CONCLUSION 


The present study evaluates bionanolubricants for journal bearing with three-layered 
nanoadditive couple stress fluids. The enhancement in nondimensional load capacity 
and the reduction in coefficient of friction are presented. The Reynolds boundary 
conditions are used in the long bearing analysis of journal bearing with three-layered 
nanoadditive couple stress fluids. The nondimensional load capacity (W) increases 
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FIGURE 3.3 Coefficient of friction. 


(and the coefficient of friction (C) decreases) substantially with increasing couple 
stress parameter (2), bearing/journal surface-adsorbent fluid film layer thickness 
ratio (A,/A,), and the dynamic viscosity ratio of bearing/journal surface to base 
(core) layer ($,¡/P,z). The nanoparticle volume fraction (y) has a marginal influence 
on increasing nondimensional load capacity (W). The nanoparticle volume fraction 
(y) has negligible influence on reduction in the coefficient of friction (C). 

Bionanolubricants for journal bearing replicating three-layered configuration with 
nanoadditive couple stress fluids has the potential to enhance the load capacity and 
reduce the coefficient of friction. 
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4.1 INTRODUCTION 
4.1.1 HISTORICAL ORIGIN OF INDUSTRIAL LUBRICANTS 


Sir Isaac Newton proposed the idea of lubrication in 1687, which served as the 
foundation for hydrodynamic lubrication theory. Since the discovery of coal oil in 
the nineteenth century, lubrication has been a significant advance in the industry. 
The need for industrial lubricants mirrored the industrial revolution, which began 
in England in the 1700s and expanded across the Atlantic to America. Lubrication 
systems were first found in ancient Egypt when olive oil was used to transport heavy 
goods. The first oil well was dug at Titusville, Pennsylvania, in 1859, an event which 
ushered in the petroleum era. Scientists found how to refine oil and add additives to 
it to make it lubricate better in the 1920s. In the 1930s, additives that would protect 
against corrosion, increase pour points, and improve lubricity and viscosity were 
developed. Synthetic oils were developed in the 1950s and were widely employed in 
the newly expanding aviation and aerospace sectors [1, 2]. 


4.1.2 BIODEGRADABLE INDUSTRIAL LUBRICANTS 


Severe environmental health issues caused by different lubricants have recently led 
to an increase in public attention. As a result of increased industrialization and tech- 
nological innovation, markets are flooded with daily lubricants that make life more 
comfortable. The lubrication industry is becoming concerned about the massive 
amount of lubricants being emitted into the environment. The uncontrolled loss of 
lubricants can damage the environment and deplete natural resources. Lubricants can 
endanger the environment if they directly contact it due to inappropriate handling, 
storage, and usage. Over the last 25 years, several governments and large corpora- 
tions have made enormous efforts to create and find more eco-friendly products and 
technologies that have reduced the negative impact on our precious environment [3]. 

Government incentives, ordinances, the implementation of green seals, public aware- 
ness, and the imposition of essential limitations have all been used to pressure industries 
that discharge lubricants into the environment to launch and extend the use of biode- 
gradable lubricants. The first seal, known as the Blue Angel, was issued by Germany. 
Similarly, a White Swan is Scandinavia's green seal, the Green Cross is America's, and 
Ecomark is India's and Japan's. These eco-labeling schemes contain varying and con- 
stantly changed ecological test criteria, limits, and manufacturer disclosures. Another 
reason for the use of biodegradable lubricants is the globalization of the lubricant mar- 
ket and the rising use of biodegradable lubricants in ecologically sensitive locations [4]. 

Biodegradable industrial lubricants include cutting lubricants, turbine lubricants, 
and hydraulic and metalworking oils. Best lubrication practices are essential for 
meeting regional quality standards and reducing lubricant usage. Lubricants are 
becoming increasingly significant as government rules addressing emission limits, 
natural resource conservation, and disposal increase in stringency. Lubricants must 
be evaluated based on their ability to withstand higher thermal and mechanical stress 
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and their low usage, biodiversity sustainability, and rapid biodegradability. These 
factors directly impact lubricant buyers as well as research and development [5]. 

The search for ecologically sound materials to replace mineral oil in various indus- 
trial applications has been identified as an essential priority in the fuel and energy 
sector. The lubricant industry has spent the last century focused on developing min- 
eral oil-based industrial lubricating fluids. There is ongoing research on sustainable 
resources like vegetable seed oils in addition to using synthetic esters as viable min- 
eral oil base stock replacements within certain industrial lubricant applications 
wherein a steady environmental interaction is expected. Another reason to avoid min- 
eral oils is their usage at high temperatures, which increases the risk of fire and incom- 
patibility. Furthermore, natural oils and synthetics offer a number of advantages: these 
include higher efficiency, fewer deposits, superior radiation resistance, lower mainte- 
nance, and longer fluid life. Esters have been discovered to have considerable environ- 
mental benefits. These tiny molecules are low in toxicity, generate minimal levels of 
pollution, and degrade quickly in the environment. Ester-based lubricants are cur- 
rently widely used in many areas of the globe [6]. The first eco-friendly and biode- 
gradable lubricants were developed in the mid-1970s and early 1980s. It all started 
with biodegradable lubricants in outboard engines and chain saws [7]. 


4.1.3 BIODEGRADABLE INDUSTRIAL LUBRICANTS ON THE MARKET 


Several laws and regulations on petroleum products were imposed in Europe 
throughout the 1980s, requiring the use of biodegradable lubricants. Few biodegrad- 
able lubricants belonging to synthetics and vegetable oils within European market 
are listed in Table 4.1. 

In the 1990s, several American corporations began producing biodegradable 
products. The Lubrizol Corporation also developed a number of additives and 


TABLE 4.1 
Synthetic Base Fluid and Their Applications with Trade Names 
Manufacturer Product Origin Applications 
Castrol Care lubes HTC Triglyceride base oil Hydraulic oils 
Care lubes HES Ester based Hydraulic oils 
Care lube GTG Triglyceride Gear oils 
Care lube GES Ester based Gear oils 
Estimol Esti Chem A/S Trimethylol propane Industrial 
LCI. Emkarox V.G.W.  Polyol ester Functional fluids 
Chemical & Emkarox HV Water-insoluble Compressor lubricants, 
Polymers Emkarox VG Polyalkylene glycol M.W.F., Textile lubricants 
Emkarate Water-soluble polyalkylene glycol Fire-resistant hydraulic fluids, 
Water-insoluble polyalkylene glycol aqueous quench fluids 
Diesters, polyesters, phthalate esters, Industrial oils and greases, 
trimellitate ester, and dimerates mould release agents for 
rubber 
Bechem Hydrostar HEP Synthetic ester based Hydraulic fluids 
Hydrostar UWF Polyethylene glycol-based Hydraulic fluids 
Mobil Hydraulic E.A.L. Synthetic ester-based Hydraulic fluids 
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lubricants based on sunflower oil. Industrial hydraulic fluids, railway road and 
mechanical equipment greases, chainsaw oils, industrial gear oils, compressor oils, 
transformer and coolants are produced using soybean oil. Dual-cycled engine oils, 
metalworking fluids, as well as more special lubricants are now being tested in the 
field [8, 9]. 

Mobil developed high-performance biolubricants, wholly synthetic polyol ester 
compounds designed solely for the lubrication of refrigeration and air conditioning 
systems and are used by numerous major compressor and system manufacturers 
around the world [10, 11]. 

15 percent of total worldwide lubricant consumption was accounted for and by 
transformers, rubber, white oils, and printing inks. Other industrial oils include hydrau- 
lic fluids (9%), industrial gear oils, turbine oils, and refrigeration fluids (8%), indus- 
trial engine oils (7%), metalworking fluids (5%), and greases (3%). Synthetic lubricants 
will expand at a 4.5% annual pace over the next ten years, although from a tiny founda- 
tion [12]. Lubricant industries are performing successful work in eco-friendly syn- 
thetic lubricants. Vegetable oil-based lubricants are also gaining in popularity. 


4.2 CURRENT STATUS OF THE INDUSTRIAL LUBRICANTS 
4.2.1 INTERNATIONAL STATUS 


According to the most current literature report on biodegradable lubricants, few man- 
ufacturers are presently marketing environmentally friendly biodegradable lubricants 
in the United States, Asia, or Europe. The University of Northern Iowa has devel- 
oped vegetable oil-based wheel greases, hydraulic multi-grade fluids, transformer 
electric fluids, and chainsaw oils, as well as rail curve lubricants, under the brand 
names Soy TRUCK™, BioSOY™, BioTRANS™, SoyLINK™, and SoyTrak™. In 
addition, the United States of America has demonstrated commercially successful 
technologies. Since 2002, recyclable soybean-based hydraulic fluid has been utilized 
in the Statue of Liberty’s elevator. Another technical breakthrough is a soy-based hot 
spinning lubricant used by a large aluminium manufacturing company for hot flat 
spinning operations on everything from wine bottles to fixed-wing aircraft panels. 
Bio-based products have long been used successfully in metal working fluids, truck 
oils, hydraulic and lubricating greases throughout Europe [13-16]. Numerous ben- 
efits of recyclable lubes and greases will become evident as income rises, technology 
progresses, and awareness grows, and the market for biobased lubricants expands. 

The Exxon Mobil, Conoco Phillips, Chevron, Valvoline, Hartco, Amsoil from the 
United States, Nippon Oil, Idemitsu from Japan, Repsol from Spain, Agip from Italy, 
Lukoil from Russia, Shell from the United Kingdom, Sinopec from China, Total 
from France, Fuchs from Germany, and Indian oil from India are among the major 
manufacturers of industrial lubricants [17, 18]. 


4.2.2 INDIAN SCENARIO 


The Indian lubricant business is one of the country’s fastest-growing retail indus- 
tries. Since 1998, the Indian Institute of Petroleum (IIP) has had a number of groups 
working on biolubricant synthesis [19-22] Dehradun, Hindustan Petroleum, Apar 
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Industries, Bharat Petroleum, Castrol India, Gulf Oil, Indian Oil, Savita Chemicals, 
and Tide Water are among the nation’s lubricant makers. Castrol, Elf Total-Fina, 
Gulf, and Shell Oil have all established themselves in the market. The presence of 
private corporations has grown in recent years, as multinational firms have increased 
their engagement in the Indian market. Engine oil accounts overall for 83 percent of 
overall sales volumes. Gear oils, transmission fluids, hydraulic braking fluids, and 
engine coolants have an influence on the overall balance. 


4.2.3 WORLD INDUSTRIAL LUBRICANT DEMAND 


According to recent market analysis, the industrial lubricant market is predicted to 
reach $73.3 billion by 2024, having grown at a 3.1% annual pace from $62.8 billion 
in 2019. Massive industrialization, rising disposable income and rapid urbanization 
in developing nations are among the market’s driving forces. Mineral oil is the indus- 
try’s most significant section, while the construction and hydraulic fluid segments 
account for the highest market share in 2019. In terms of volume and value, the Asia- 
Pacific region remains the largest market for industrial lubricants. The region’s grow- 
ing population and expanding construction expenditures in the emerging economies 
of China, India, and Indonesia are among the primary factors expected to increase 
demand for industrial lubricants. 

Improved lifestyles, higher employment rates, higher disposable income, and 
greater foreign investment in different economic sectors are among the key elements 
that make the Asia-Pacific area appealing to industrial lubricant makers. 

Shell, ExxonMobil, Chevron, BP, Total, Petro China Co., Sinopec, Lukoil, Fuchs 
Petrolub, Indian oil corporation, Idemitsu Kosan Co., and others are among the mar- 
ket’s major participants [23]. 


4.3 ENVIRONMENTALLY ACCEPTABLE INDUSTRIAL LUBRICANTS 


Based on the aforementioned environmental factors, the following explanation 
focuses on the two major types of ester-based products developed at our laboratory. 

Lubricant performance, environmental, health, and safety regulations all had an 
influence on base oil development in the 1990s. As a result, more refined oils, such 
as poly alpha-olefins, hydrocracked, and esters oils, have become increasingly popu- 
lar. Edible and inedible seed oils have resurfaced as a result of their rapid biodegrad- 
ability. Throughout the twenty-first century, the tendency of overall development 
programme and even higher compatibility will continue [24]. 

Advanced formulations of industrial lubricants are being tailored to fit the present 
needs of industrial machinery for productivity increases, efficiency perfection, clean 
energy, and environmental protection. Mineral oils, vegetable oils, fats, and greases 
were the only lubricants available in the twentieth century. Solid lubricants, synthetic 
oils, water-based lubricants, and gas-based lubricants have recently been introduced 
to the lubricant concept [25, 26]. 

A lubricant is a material that is used to minimize surface friction and wear. 
Lubricants can be in the form of a liquid, solid, gas, or a combination of all three 
states. The primary function of industrial lubricants is to spread a fluid layer over 
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solid surfaces. They are also involved in maintaining morphological structure, ther- 
moregulation, and waste disposal. 

Solid lubricants can reduce friction between two moving surfaces at extremely 
high temperatures and loads. The most common solid lubricants include graphite, 
molybdenum disulphide, boron nitride, and polytetrafluoroethylene. Semi-solid 
lubricants are composed of oils and other additives. They may also include solid 
PTFE, MoS2, and graphite lubricants to avoid corrosion and surface damage. Liquid 
lubricants such as vegetable, mineral, and synthetic oils are exploited in a wide vari- 
ety of industrial applications [27]. 

Mineral oils are principally obtained through the refining of crude oil. These are 
complex blends of paraffin, aromatic, and naphthenic molecules with carbon num- 
bers ranging from 14 to 40 or higher. These base oils also include trace amounts of 
heteromolecules such as oxygen, nitrogen, and sulphur. They are classified as paraf- 
finic or naphthenic hydrocarbons based on their hydrocarbon class. White oils, elec- 
trical oils, and process oils are among the other base oils. The second type of oil is 
synthetic oil, composed of ester bonds and additives that alter their properties. 
Mineral oils do not have the same lubricating characteristics as synthetic oils [28]. In 
hydrodynamic journal bearings, mineral oils are often utilized. These lubricants are 
hazardous to the environment because they are poisonous and non-biodegradable. 
Synthetic and vegetable oil esters have been created as an alternative lubricant since 
they are biodegradable and non-toxic. 


4.3.1 SYNTHETIC ESTERS 


Synthetic lubricants are establishing a position by marketing automotive, industrial, 
and aviation lubricants. More changes are expected in future decades, as challenges 
such as volatility, biodegradability, toxicity, and disposability, among others, will 
have a significant influence on the industry. Phosphate esters, polyalkylene glycols, 
plant oils, poly alpha olefins, alkylated aromatics, polybutenes, and other synthetics 
dominate the market. In the twentieth century, synthetic lubricants were made in 
response to the need for suitable lubrication for moving components under new and 
extreme conditions [29, 30]. 

Synthetic lubricants come in a wide range of formulations and applications. They 
fall within the general ASTM categorization depicted in Table 4.2 [31]. 

To fulfill the demands of highly efficient lubricants, new ester base fluids were 
developed. As a result, synthetic esters have become more important as base oil in 
many commercial and armed forces operations. Machine lubricants, gearbox oils, 
hydraulic oils, compressed air oils, and turbo oils are a few examples. 


4.3.2 ORGANIC ESTER LUBRICANTS 


Organic esters are the most widely used synthetic lubricant, and their development 
has paralleled changes in aircraft engine layout in both the United Kingdom and the 
USA. Synthetic organic esters may be made to function practically in any industry. 
With the right esters, outstanding oxidation and hydrolytic stability, biodegradability, 
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TABLE 4.2 
Classification of Synthetic Lubricants 
Synthesized Hydrocarbons Other Fluids Organic Esters 
Polybutenes Perfluoro polyalkyl ethers Dibasic acid esters 
Polyisobutenes 
Olefin oligomers Polyphenyl ethers Polyol esters 
Poly Alfa olefins Silicone fluids 
Alkylated aromatics Silicate esters 
Cycloaliphatics Metha-acrylate 
Poly alkylene glycols 


Phosphate esters 
Fluoro esters 


lubricity, excellent viscosity index, and good pour point characteristics will be 
attained [32]. 

Esters can be generated from mono-, di- or polyfunctional source materials that 
are linear, branched, saturated and unsaturated. There are thousands of carboxylic 
acid and alcohol structural components to select from, and the combinations are 
nearly limitless. 


4.3.3 ESTERIFICATION IN THE PRODUCTION OF ESTER LUBRICANTS 


Figure 4.1 displays the fundamental chemical process that produces all esters. Esters 
are formed when organic acids and alcohols interact. A reversible reaction hap- 
pens when the water molecule reacts with the ester group and breaks down into its 
components. 

Alkyl groups can have the same chain length and structure, or they can have dis- 
tinct chain lengths and structures. The acid can be monobasic or dibasic, while the 
alcohol can have several hydroxyl groups. The molecules are designed for a specific 
application to maximize stability, reduce volatility, keep pour points low, and give 
good additive susceptibility. Fluids with good viscosity-temperature properties and 
natural dispersant/detergent tendencies have the same features. 

Despite the fact that components of unsaturated fatty acids must be removed, ole- 
ate is often utilized as lubricants. Oleate has several benefits, including lubricity, low 
volatility, cold flow, biodegradability, renewability, and cheap cost. 


O O 
A ESTERIFICATION A 
— 
R OH+R'OH +— R O—R' + HO 
HYDROLYSIS 
CARBOXYLIC ACID ALCOHOL ESTER WATER 


FIGURE 4.1  Esterification reaction. 
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FIGURE 4.2 Neopentane structure. 


4.3.4 THE ADVANTAGES OF NEOPENTANE-STRUCTURED POLYOL ESTERS 


At elevated temperatures, saturated esters are necessary, but there is more to explore. 
The number and position of hydrogen on a molecule’s beta-carbons have a signifi- 
cant impact on oxidative stability at extreme heat. The beta-carbon is the second 
carbon in the ester group’s carbon—oxygen bond. Esters without beta-hydrogen is 
more thermally stable because beta-hydrogen is extremely reactive to oxygen. These 
are neopolyol esters, which are named after their structural similarity to neopentane. 
Because there are no beta-hydrogens in Polyol esters, they all have solid oxidative 
stability (Figure 4.2). This esters group depends primarily upon a unique five-carbon 
structure in the polyfunctional alcohol used for esterification with the selected mono- 
functional acids. This C-structure is neopentane, with a central carbon surrounded by 
four additional carbon atoms. 

Although pure esters are not superior to aliphatic hydrocarbons or mineral oils as 
boundary lubricants, many esters’ hydrolysis or oxidation products are effective, 
moderate wear preventives and rust inhibitors. As a result, when these esters are 
used, they develop good boundary-lubricating qualities. Because of their strong sol- 
vent qualities, they work well as detergent oils. Because esters are soluble in mineral 
oils, polyoxoalkylene-type oils, and even silicones, they can be used as coupling and 
blending ingredients to improve the properties of these oils. Diesters have a far higher 
thermal stability than mineral oils, with breakdown starting about 500°F and produc- 
ing acidic decomposition products. It is, however, dependent on the structure of the 
ester’s alcohol component. The oxidation stability of the esters is also better than that 
of highly refined petroleum fractions [33-35]. 

Synthetic esters may be made to work at rising temperatures and to evaporate 
completely before beginning oxidative polymerization, avoiding deposits and var- 
nish formation, by removing the oxidized weak spots. 


4.3.5 LUBRICATION VIA ESTERS 


The science of friction, wear, and lubrication is known as tribology. Although the use 
of lubricants dates back to the dawn of history, the focus of research in lubricants and 
lubrication is a new phenomenon. A lubricant’s primary feature is that it is meant to 
lubricate. The lubricity of a molecule refers to how readily it flows over itself and 
also to how efficiently it competes to coat the metal surface. 
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Esters are commonly used as boundary lubricants because they bind with metal 
surfaces and minimize metal-to-metal contact during sliding motion. The length of 
the chain, the degree of branching, and the position of ester within the molecule are 
all structural variables that influence lubricity. 

Long carbon chains with fewer branches and higher polarity help in boundary 
lubrication. Although ester connections are polar, they may be less surface-active if 
carbon chains shield them. Because synthetic esters are generated from a variety of 
acid and alcohol feed stocks, the position of the ester groups and the type of carbon 
chains may be modified. 

The lubricity of the ester base stock is influenced by the intensity of the esters with 
the surface of the metal. Although esters have high lubricity, anti-wear and extreme- 
pressure additives are required to handle the majority of the load under extreme cir- 
cumstances. Some believe that esters fight so hard for the metal’s surface that 
essential additives are washed away. On the other hand, several additives are capable 
of removing an ester from a surface. 

It is also critical to select an ester suitable for the purpose. When it comes to 
boundary lubrication, lubricity is crucial when metal surfaces grind together under 
pressure. 

However, lubricity is less significant if the application includes hydrodynamic 
lubrication with no metal-to-metal contact. Polyols are suitable for hydrodynamic 
applications in severe temperatures because they can survive in circumstances that no 
other lubricant can. Esters may be developed and produced to function in nearly any 
environment, but this necessitates careful consideration throughout the selection 
process. 

Polyols are increasingly being used in place of mineral oils because of their higher 
thermal stability. The chemistry of esters is being adjusted in response to environ- 
mental pressures to develop compounds with high biocompatibility, non-toxicity, 
and low engine fumes. 

It is difficult to cover all aspects of industrial lubricants in a single chapter. In the 
literature, several industrial lubricating oils based on mineral resources, plant-based, 
and synthetic base stocks have been explored. A number of books and articles have 
also been published on industrial lubricants. However, in this chapter, we will discuss 
the research conducted at the Indian Institute of Petroleum on the development and 
tribological investigations of esters, as well as their suitability as a base stock in the 
production of different industrial lubricants. 


4.4 APPLICATIONS OF ESTER OILS IN INDUSTRIAL LUBRICANTS 
(WORK PURSUED AT IIP) 


4.4.1 NEOPENTYL PoLYoL Ester OiLs 


The need for biodegradable, environmentally safe lubricants has increased steadily, 
particularly in eco-conscious areas. There is potential for the production of new eco- 
friendly safe base oils for a new generation of lubricants. Prior to the incorporation of 
environmental considerations into the lubricant production process, ester lubricants 
were used in specialized lubricants for technical reasons [36-37]. 
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Synthetic lubricants of the ester type have been the most suited and widely uti- 
lized for modern jet aircraft. Diesters are used in low-speed aircraft, whereas lubri- 
cants for high-speed and supersonic transport must tolerate higher temperatures, 
have a high VI, a low pour point, and other desired qualities. These needs are met 
significantly by polyol esters reinforced with additives. 

The majority of industrial lubricants on the market today are based on mineral oils 
and have traditional additives to boost performance. Ester oils are more environmen- 
tally sustainable and perform much better. Recent trends highlight ester-based fluids 
with bio-additives. The requirement for high-temperature performance in lubricants 
is forcing a transition away from mineral oil towards the esters. Industrial lubricating 
oils are made of base oil and additives [38, 39]. 

Synthetic esters are utilized in high-performance lubricants as an environmentally 
friendly base fluid. The selection of base stocks for successful eco-friendly formula- 
tions is influenced by the balance of fluidity, volatility, and price. Polyol esters have 
been proven to be the most cost-effective for biodegradable lubricants. 

A number of synthetic polyol-based lube base stocks have been developed. 
Conventional catalysts are generally used to manufacture esters. These methods use 
catalysts only once, have disposal problems, produce base oils that require regular 
monitoring, and result in lower-quality base oils with significant acidity and burnt 
products. According to published and patented literature, many esters based on neo 
polyols were produced using conventional catalysts. Nonconventional catalysts have 
several benefits over conventional catalysts, such as the capacity to be recycled twice 
without losing reactivity. The method offers benefits in terms of easy processing, 
lower reaction time, a reduced molar ratio of alcohol to acid, high purity, and cost- 
effectiveness due to its recyclable nature and yields of 95 percent and above. 

All of the esters in this study were produced with an indigenous commercial ion 
exchange resin catalyst. A simple, cost-effective, efficient process for making syn- 
thetic ester base oils using a new catalyst system from indigenous raw materials has 
been developed for industrial applications. 

The acid group in ion exchangers can be chemically bonded to sulfonated polysty- 
rene, allowing for esterification under mild reaction conditions. The final esters are 
usually highly pure since acid-catalyzed side processes, including dehydration, 
etherification, and rearrangement, are nearly totally avoided. Such catalysts provide 
a high-yielding technology that is widely used in industry. The ion exchange is fil- 
tered out after the reaction water is removed, and the ester is recovered by 
distillation. 

The developed biodegradable ester lubricants were physico-chemically character- 
ized using several standard ASTM testing techniques, as indicated in Table 4.3. 

Then the laboratory-prepared base fluids were tested for tribological behaviour in 
order to predict their performance in specific applications. Biodegradability and tox- 
icity tests were also performed. 

The majority of these products are classed as Group III based on the viscosity 
index, with the exception of a few polyol esters, which are classified as Group II by 
the American Petroleum Institute (API) [40]. Synthetic esters are widely utilized in 
gear oils, marine engines, compressors, hydraulic fluids and grease composi- 
tions [41]. These essential fluids can be utilized alone or in blends depending on 
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TABLE 4.3 


Standard Test Methods of Physico-Chemical Characterization 


S. No. Property Method, ASTM-D 
1. Acid value mg KOH/gm 974 
2. Saponification value, mg/KOH/gm 94 
3. Density d,” gm/ml 4052 
4. Kinematic viscosity 445 
At 100°C cSt 
At 40°C cSt 
5. Viscosity index 2270 
6. Pour point °C 97/96a 
Te Flashpoint *C 92 
8. Noack volatility 250*C DIN-51581 
9. Copper strip corrosion BIS:1448:P-15:1976 
10. Oxidation stability IP-48 
11. Auto ignition temperature °C BIS:7895 
12. Wear scar dia (mm) 4172-94 
13. Weld load (kgf) IP-239 
14. Coefficient of friction (p) 5183 
15. Foaming BIS. 1448:P-67 
16. Biodegradability 5864 
TABLE 4.4 


Applications of Ester Oils 


Non Edible 


S. No. Neopentyl Polyol Esters Vegetable Oils Residual Oils 


Aluminum cold rolling oils 
Mar quenching oils 


Neat cutting oils Multipurpose grease 


Industrial Gear oils 

Automotive Transmission fluids 
Hydraulic fluids fire-resistant 
Gear oils Automotive 
Metalworking fluids 


PAO A E ES 


Steel cold rolling oils 


the product qualities. As per the evaluation, the developed esters are listed in 
Table 4.4. 


4.4.1.1 


Rolling is an industrial method that uses the malleable properties of metals to accom- 
plish shape alteration. Aluminum can be rolled at both hot and cold temperatures. 
During the hot rolling process, heavy cast aluminum slabs are transformed into hot 
plates or strips of a specific thickness and then rolled in a cold mill to make sheets 
and foils of the required finish gauge after cooling to room temperature. In cold 


Aluminium Cold Rolling Oils 
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FIGURE 4.3 Aluminium cold rolling oils. (a) Tribo findings for aluminium cold rolling oils. 


rolling factories, straight-run light mineral oils with low viscosity are typically uti- 
lized for sheet rolling and foil production. 

The physicochemical characteristics of the developed biodegradable esters were 
studied and reported in Figure 4.3. Furthermore, the lubricity, degradability, and tox- 
icity of these esters were investigated in order to establish their feasibility as alu- 
minium cold-rolling oil lubricants (Figure 4.3(a)). According to reports, the materials 
have a great potential for use in biodegradable aluminium cold rolling oils that meet 
the 1.5.14385-2002 standard [42-44]. 


4.4.1.2 Mar Quenching Oils 


Mar quenching is a steel-hardening technique used to generate high-accuracy and 
final-quality items from inexpensive low-alloy steels. The oil used for Mar quenching 
should have a high and consistent quench rate and good steel-hardening properties. 

New-generation biodegradable esters were synthesized and studied for their 
physico-chemical and tribological characteristics. It should have a high flash point 
and minimal volatility in order to reduce fire dangers. Esters were investigated as a 
potential enhancement over traditional lubricants. Based on the limited findings, the 
developed synthetic esters have significant promise for use as biodegradable Mar 
quenching oils Figure 4.4, as specified by BIS. 4543-2004 [45]. 


4.4.1.3 Industrial Gear Oils 


Gears are machine components that impart motion through tooth engagement. The 
fundamental function of a gear lubricant is to establish a lubricating layer between 
the gear mating elements in order to reduce wear and eliminate friction heat gener- 
ated in sliding rolling contacts. When the danger of scuffing is minor, mineral oils 
and, in more complicated cases, polyglycols with high load-bearing capacity, excep- 
tionally high viscosity index, and low pour point are used in industrial gears. 

Seed oil fatty acids were reacted with petrochemical derivatives to make oleo 
chemical esters. The physico-chemical features of the synthesized ester and the 
requirements of commercial EP-type industrial gear oil VG 68 (Figure 4.5) demon- 
strate that the oleo chemical ester has much promise as a base stock for EP-type 
industrial gear oil VG 68. Based on the limited research, the synthesized oleo chemi- 
cal ester has a high potential for application as a biodegradable base stock in 
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FIGURE 4.4 Mar quenching oils. 
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FIGURE 4.5 Tribo findings for Industrial gear oils. 


manufacturing EP-type VG68 grade industrial gear oil. For final gear oil formulation 
production, more research on EP properties on Timken and F.Z.G. Niemann EP tests 
is required [46]. 


4.4.1.4  Fire-Resistant Hydraulic Fluids 

Synthetic esters appear to be attractive possibilities in areas where environmental 
protection is critical. The materials were assessed for their lubricating performance 
and characterized by their physico-chemical properties. 
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FIGURE 4.6 Tribo findings for fire-resistant hydraulic fluids. 


Figure 4.6 depict the improvement in wear property as well as auto-ignition tem- 
perature. Based on the preliminary research, the products show tremendous promise 
as VG-22 grade hydraulic fluids [47]. 


4.4.1.5 Automotive Transmission Fluids 
Synthetic polyol esters oils are used to cool, lubricate, and prevent the rusting of 
moving components. The additives were added into the final product. The major 
characteristics of these synthetic polyol esters make them suitable for usage in spe- 
cific applications. Because of their improved thermal and oxidative stability, as 
well as lower pour points, they may be used in a wider spectrum of lubricating oil 
formulations. 

Figure 4.7 Automotive transmission fluids 

The pour point of the synthetic automobile transmission fluids was significantly 
lower, demonstrating their superior low-temperature capabilities. Biodegradability, 
which is usually in the 80-90% range, is another key property of these chemically 
produced base fluids. The results of a four-ball EP tester and a four-ball wear tester 
were used to evaluate the performance of synthesized products, and the results are 
shown in Figure 4.7(a), which indicates that these compounds have greater lubricity 
properties than mineral oil base stocks. These chemicals can be employed as base 
stocks for automotive transmission fluids, depending on the specific physicochemi- 
cal data analysis [48]. 


4.4.1.6 Metal Working Fluids 


The developed polyol esters were tested for tribo properties to use as metalwork- 
ing fluids. Figure 4.8 shows the load-bearing capacity and lubricity performance of 
esters. The esters show the best performance with respect to load-bearing capacity 
along with anti-wear. It appears that the performance of these esters is a function of 
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FIGURE 4.7 (a) Tribo findings for automotive transmission fluids. 
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FIGURE 4.8 Tribo findings for metal working fluids. 
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chemical structure. Comparing the performance of polyol esters with the commercial 
oils, the esters appear good base oils for the development of eco-friendly metalwork- 


ing oils. 


The developed compounds were tested for their physico-chemical properties and 
lubricating performance using standard tribo testers. Furthermore, the lubricity prop- 
erties of these esters were evaluated using a new test established in our lab to see if 
they might be exploited as cold rolling oils. The CRO should have a load-bearing 
capacity of moderate to high and good lubricity. Compared to conventional rolling 
oils, polyol esters appear to be good base oils for producing environmentally friendly 
cold rolling oils (Figure 4.9) [49]. 
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4.4.1.7 Automotive Gear Lubricants 


Gear oils were developed using commercial additives with synthesized products. 
These gear oils were then tested alongside conventional SAE 90 GL-4 gear oil. The 
performance data are shown in Figure 4.10(a). The results indicate that the conven- 
tional additives used are also compatible with the ester compounds [50]. 


4.4.2 VEGETABLE OiL Ester BASE STOCKS AS NEAT CUTTING OILS 


Potential vegetable oils for the development of lubricant base fluids are rape seed, 
castor, neem, mahua, linseed, rice bran and Karanja oils. The present study focused 
on the performance evaluation and applicability of these esters as base stocks for 
IS-3065 Type II Grade I & II, Non-Staining Neat Cutting oils (Figure 4.11). 
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FIGURE 4.10 Automotive gear lubricants. (a) Tribo findings for automotive gear lubricants. 
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FIGURE 4.11 Neat cutting oils of Grade I & II. (a) Neat cutting oils of Grade IV. 


More particularly, the study relates to developing biodegradable base stock as neat 
cutting oil useful in modern-day cutting operations of turning, milling, drilling, and 
tapping operations with negligible tool wear. The synthesized products have good 
antiwear properties, excellent load-bearing capacity, perfect shelf life due to the 
improved oxidation stability observed for a period of 28 days at 85 + 2°C, good 
potential for use as Type II, Grade IV Neat cutting oils. (Figure 4.11(a)) [51-52]. 


4.4.3 MULTIPURPOSE GREASE 


A biodegradable lubricating grease composition was produced using Jatropha resid- 
ual oil as the base oil. After that, we acquired multifunctional commercial grease 
from the Indian market and compared its tribological characteristics to ours. The 
findings are summarized in Figure 4.12. The synthesized grease values matched the 
commercial grease in terms of wear and load performance. Furthermore, residual 
oil, a low-cost byproduct, has led in the manufacture of value-added products. The 
NLGI grade 2 multifunctional grease developed has exceptional potential as a final 
product [53]. 

Further, we granted a patent for the invention of bio reference and gear lubricants 
for use in enclosed industrial gear systems with tooth pressures and pitch-line veloci- 
ties that render conventional mineral oils ineffectual. We also published a patent on 
the production of an eco-friendly and biodegradable neat cutting oil base stocks. 

In this chapter, vegetable and polyol ester oils have been developed as degradable 
industrial lubricants for use in ecologically-sensitive areas. The physico-chemical 
attributes and tribological performance of the synthesized products were evaluated. 
Then the developed base oils were compared with mineral oil-based industrial lubri- 
cants. Nonconventional ecofriendly indigenous commercial catalysts were used to 
make the industrial lubricants. The synthesis method used produced high purity 
esters with low acidity. We developed biodegradable ester oils with and without 
additives. 

The ASTM D-5864-95 test technique was used to examine the biodegradability 
properties of the synthetic lubricant base stocks [54]. Toxicity was assessed using a 
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FIGURE 4.12 Tribo findings for multipurpose grease. 


modified version of the Algal inhibition test, published in the official Journal of the 
European Communities under the number L383 A/179-185 (1993) [55]. The stan- 
dard biodegradability results demonstrates that the ester base stocks developed in the 
laboratory range in biodegradability from fair to very good, with 80-100 percent 
biodegradation in 28 days. Mineral-based lubricants, on the other hand, exhibit fair 
biodegradability, with 20-45 percent biodegradation in 28 days. The toxicity test 
results show that the samples were non-toxic to sewage microorganisms [56]. 

The developed new-generation ester lubricants had excellent biodegradability, a 
high viscosity index, a low pour point, good lubricity, good oxidative stability, excel- 
lent wear protection, no evaporation loss, good adherence to metal, corrosion inhibit- 
ing properties, and suitability for use with commercial additives. Furthermore, the 
items are safe for sewage bacteria. 

Finally, we conclude that the synthesized vegetable and synthetic polyol esters 
have promising applications as biodegradable lubricant base stocks. Products are 
widely used, either alone or as part of formulations and as multifunctional lubricants. 


4.4.4 DRaAwsacks OF ESTER OILS 


Mineral oil-based lubricants are now extensively utilized for a wide variety of rele- 
vant applications, but rising green marketing has compelled us to seek alternatives to 
mineral oils. Alternative industrial lubricant oils include synthetic and vegetable oil 
esters with good physico-chemical and lubricity properties. Vegetable oils, despite 
their low cost, have thermo- oxidative stability limitations, as well as irregular sup- 
pliers. These esters are generally more versatile in their application utilization than 
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natural esters, with a high degree of biodegradability and minimal aquatic toxicity, 
due to their far wider viscosity range, increased thermo-oxidative stability, and supe- 
rior pour point properties. Synthetic fluids are around three to four times the price of 
regular mineral oils. The lower servicing costs, excellent tribological properties, and 
longer lifetime of synthetic oils compensate for their higher purchase price. Longer 
drain intervals and a reduction in total operating expenditures can compensate for the 
higher initial cost of synthetic ester oils [57-59]. 


4.5 FUTURE WORK 


New and high-performance lubricants are being developed all over the world to meet 
the demanding requirements of modern technological developments. In this context, 
the new generation of high-performance biolubricants has proved to possess a broad 
scope to deliver. Biolubricants have already found their way in a wide range of indus- 
trial and automotive applications. Cutting oils, engine oils, gear oils, and hydraulic 
oils are already extensively accessible in commercial markets. However, there are 
still a number of scientific and industrial domains where the lubrication and use of 
biolubricants is a challenge. MEMS are one such area where the use of biolubricants 
has yet to be researched. We developed and granted a patent for an eco-friendly and 
biodegradable mineral oil-free lubricant formulation that may be used to lubricate 
chronometers and other precision components, such as precise bearings, gauges, 
metres, and clocks in micro electro mechanical system-based devices. 


4.6 SUMMARY 


For more than a decade, we have been working on biolubricants. We had focused 
our efforts on new advancements for industrial lubricants made from indigenous 
raw materials. Industrial lubricant process development and formulations were com- 
pleted. An analytical center with cutting-edge lubricant testing equipment and a tri- 
bological lab for biolubricant performance has been established at our institution. 
For a variety of industrial applications, lubricants based on neopentyl polyols and 
non-edible oils have been developed, and various patents have been filed in this area. 
According to studies, aluminium cold rolling oils, Mar quenching oils, industrial 
gear oils, fire-resistant hydraulic fluids, automotive transmission fluids, metalwork- 
ing fluids, steel cold rolling lubricants, automotive gear oils made from polyol esters, 
neat cutting oils made from non-edible vegetable oils, and vegetable residual oil- 
based multipurpose greases all have widespread industrial applications, either alone 
or in combination. More research is required for the final tuning of the products. 
Attempts have also been made to cover multiple uses with single oil. As a result, 
few multifunctional lubricants have been developed as a single product for many 
applications. 
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5.1 INTRODUCTION 


The metal parts are made primarily from powder metallurgy, casting, machining, and 
metal injection moulding. However, additive manufacturing involving 3D printing 
and the layer-by-layer building up of objects is a relatively new method employed in 
industries such as medical, automotive, space, and aircraft manufacture. In the 3D 
printing technology, both the DMLS and the SLS processes are popular and widely 
used [1]. A reasonable quantum of research and developmental work in 3D print- 
ing, also known as rapid prototyping, is reported from the point of exploring the 
mechanical, metallurgical and tribological characteristics [2-7]. Here, the adoption 
of different input settings such as the layer thickness, laser scan speed and layer ori- 
entation, and types of powders [8] used are the essential parameters, which have been 
optimized and reported [9-11]. 

The 3D printing of non-ferrous materials such as aluminium (Al), steel, titanium 
(Ti) has been reported to assess the mechanical and wear properties. The information 
on copper (Cu)-based alloys for mechanical and wear evaluations is limited as they 
possess excellent mechanical properties, good wear resistance and corrosion properties 
apart from good weldability and castability. The high thermal conductivity of Cu alloys 
makes the alloy more suitable for many engineering applications. The other issues 
relating to hardness, strength, surface roughness, impurity levels, porosity, and residual 
stresses dictate the properties. Copper (Cu) and nickel (Ni) alloys are isomorphous and 
the mixture is completely soluble due to the face-centred cubic crystal structure. Cu-Ni 
alloys need to be studied under sliding wear, galling and pitting corrosion conditions 
despite exhibiting good mechanical and thermal characteristics and they are being used 
to produce parts such as bearings, wear plates, etc. Thus, the wear behaviour becomes 
a crucial, important, and challenging issue. The wear phenomenon affects equipment 
life, primarily operated under sliding and corrosive environmental conditions. 

Tribological aspects relating to engineering materials have been addressed through 
the laser processing routes, such as laser hardening, laser peening, laser cutting, laser 
melting etc. In laser hardening process, higher power laser source is made to bom- 
bard on the surface of a sample resulting in heating of the localized areas of the 
sample. It is done from the point of enhancing the strength and durability of a com- 
ponent. The laser peening is another process wherein pulsed laser system (shock 
waves) is made to impinge on the surface of a sample resulting in modification of the 
surface with improved properties. The laser cutting technology makes use of laser 
beam to vaporize a sample and results in a cut edge. This is intended for industrial 
manufacturing applications. In the laser melting process, the melted particles are 
made to deposit on a bed powder with a heat source and mainly used in metal addi- 
tive manufacturing method to produce near net shape parts. In a work reported by 
Anand Kumar et al. [7, 12] on the surface treatment using laser peening on nickel- 
based super alloy 718 in one case [7] and Ti-6A-V in the other case [12], wherein it 
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is reported that the processes adopted have contributed to grain refinement due to the 
formation of nano crystals, increased surface hardness and the development of higher 
compressive stresses and more specifically improved fretting wear behaviour with 
alumina & steel as counter bodies. It is seen from this work that the wear volume 
losses have increased with the increase in the application of load. This work is 
reported [12] from the viewpoint of laser treatment (peening) & laser melting 
(DMLS) of different materials subjected to tribological tests influenced by load as 
load is the key parameter affecting the wear loss. Further, the tribological behaviour 
of 3D printed samples, especially Cu-Ni alloys, has been less often reported and 
hence this current work aims to study the wear and friction aspects of DMLS pro- 
cessed Cu-Ni alloys. In this context there is a discussion of some of the literature 
concerning the effect of input parameters of DMLS process affecting the wear. The 
wear and friction behaviour of bronze nickel alloys produced by sand casting was 
studied in detail by Ilangovan et al. [13]. As an alternative to this, bronze nickel 
samples fabricated using the DMLS process would be a more recent method of pro- 
ducing 3D samples. Hussain et al. [14] studied the SS316-based metal matrix com- 
posites processed by the DMLS method to study the effect of process variables, such 
as laser scan speed, laser power and powder mixing ratio on the wear resistance, and 
it is reported that laser power is one of the significant factors in determining the wear 
behaviour. A study was carried out by Massimo Lorusso et al. [15] on the wear and 
friction behaviour on Alsil0Mg-TiB, prepared by DMLS and casting processes. As 
reported [15], higher Cof and lower wear rates were obtained for the DMLS part 
compared to cast samples of the same compositions. Their findings were based on 
the analysis of microstructure, grain size and hardness. Similar work was conducted 
by Rahul Kumar et al. [16] on 3D-printed steel parts’ wear behaviour, wherein the 
results obtained were compared with the conventional processed Hardox 400 steel 
and AISI 316 stainless steel. It is reported that the additive manufactured alloy steel 
and composite showed a lower wear rate than that of Hardox 400 steel and AISI 316 
stainless steel. Hongling Qin et al. [10] conducted a detailed literature review on the 
additive manufactured parts, in which it is reported that the proper selection of pro- 
cess parameters has significantly improved the density and hardness and, in turn, 
improved the wear resistance. 

Often, the number of operating parameters increases and, hence, one has to apply 
a statistical technique which could determine a predominant parameter and its opti- 
mization. In this regard, a rational, robust and effective process control technique is 
very much required. Complex problems involving multiple factors are efficiently 
handled and investigated through factorial experiments. The usage of appropriate 
scientific methods for experimental planning, conduction and investigation and anal- 
ysis could significantly reduce the extensive time duration for conducting the experi- 
ments and the high cost involved. The Taguchi’s experimental design is the commonly 
employed method to analyze the diverse nature of problems encountered in research, 
development and manufacturing. The foremost objective of the design of experiment 
(DOE) is to achieve the solution for the problem at a lower cost, simultaneously 
securing quick results and obtaining more useable data. The practical limitations 
existing in machine tools could be effectively overcome by employing the DOE, 
which would bring out the experimental plan leading to results generation, which is 
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not likely to obtain by any other means or at expensive cost. So, DOE is framed to 
obtain quick results at a lower cost and generate results by mathematical formulation 
and equations for more straight forward interpretation. 

The repeated heating and cooling cycles adopted during the layer-by-layer build- 
ing up process results in the generation of residual stress. The influence of residual 
stress on the mechanical performance causes part distortion and dimensional insta- 
bility. In this context, numerous investigations have been reported [17] to focus on 
the beneficial and detrimental effects of the induced residual stress in a component. 
When a component is subjected to the wear process, if compressive stress gets gener- 
ated, it would inhibit the microcrack initiation and prevent cracks propagation, while 
the induction of tensile stress would result in catastrophic failure. Thus, the wear rate 
decreases due to the control and generation of compressive stress in a component. 
The information regarding the effect of residual stress on the wear resistance of engi- 
neering components is rather limited. The uniqueness or novelty of the work lies in 
investigating the wear & friction behaviour of Cu-Ni alloys prepared using 3D print- 
ing (DMLS process) as this aspect could not be cited in the literature & forms first of 
its kind. 

In view of the above points, evolving correlation of tribological characteristics 
with residual stress has been addressed for the DMLS-processed Cu-Ni alloys. The 
present study focuses on the development of the alloy followed by density, hardness, 
surface roughness measurements and analysis as well as wear damage assessment 
using a Scanning Electron Microscope (SEM). 


5.2 MATERIALS AND METHODS 
5.2.1 MATERIALS 


A mixture of bronze and nickel materials (sourced from EOS GmbH, Germany), hav- 
ing an average particle size of about 20 um, has been employed to produce DMLS 
samples. The nominal compositions of the DMLS processed sample are 76.6% Cu, 
14.6% I, 6.7% Sn, and 1.6 P. 


5.2.2 EXPERIMENTAL METHODS 


5.2.2.1 DMLS Procedure 


The machine used for developing the cylindrical samples of 4 mm length and 10 mm 
diameter by the DMLS method was the EOS-INT M250 facility. CATIA R19 V5 3D 
CAD/CAM software was used to model the sample and then saved as an .STL file. 
Further, the file was converted to the “.bdf’ format involving EOS RP tool software. 
Following this, the sample is sliced into several layers of different thicknesses 20 um, 
40 um and 60 um. The final dimensions of the sample obtained from the bed size 250 
mm x 250 mm x 22 mm had 4 mm thickness & 10 mm diameter involving the EDM 
wire cutting method to separate the sample from the bed. The porosity determination 
of the samples were done theoretically. The Vickers hardness measurements have 
been made on the test samples as per ASTM standard at a load of 15 kg with a dwell 
time of 15 s using a square diamond indentor with the allowable standard deviation 
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of +1 VHN. The measurements have been carried out on 3 representative samples 
and the average is repeated. 


5.2.2.2 Fabricated Specimens with Varied Process Parameters 


Table 5.1 gives details of the input parameters selected for the work. The photo- 
graphs of the samples prepared in the laboratory is shown in Figure 5.1. 


5.2.2.3 Sliding Wear Behaviour and Friction Measurement 

The wear and friction properties of DMLS samples were assessed using a pin on 
disc machine. Figure 5.2 gives a photograph of the Pin-on-Disc wear tester (Ducom 
Make, model TR-20) used in this work. 

The wear tests were conducted as per ASTM G-99 standard for 30 N, 40 N, and 
50 N loads with a sliding speed of 1.04 m/s (200 rpm) and a sliding distance of 376 
m for the pin geometry of length 4 mm and diameter 10 mm. A total of three mea- 
surements were made and the average value has been reported. The coefficient of 
variation is determined based on the standard deviation obtained as per the ASTM 
G65 and should lie below 15%. The wear loss is expressed in terms of specific wear 
rate (mm*/Nm) obtained by converting weight loss into volume loss and dividing it 
by sliding distance(m) and applied load (N) as per the Equation (5.1) given below. 


Ws = [mm /(N-m)| (5.1) 
Fy 
TABLE 5.1 
DMLS Process Parameters Selected 
SI. No Input Parameters Selected Values 
1 Layer thickness 20,40,60 um 
2 Laser scan speed 100,200,300 mm/s 
3 Laser Power 240 W 
4 Hatch spacing 0.2 mm 
5 Laser beam diameter 0.4 mm 


FIGURE 5.1 Fabricated specimens. 
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FIGURE 5.2 Wear test on pin on disc. 


where AV is the loss in volume, Fy is the applied normal load, and L is the covered 
sliding distance. 
The COF is determined using Equation (5.2) as given below. 


Where F; = Frictional load & Fy = applied normal load 


5.2.2.4 Surface Roughness 


The surface roughness measurements were carried out using a portable surface 
roughness tester (Mitutoyo SJ-210 make) by setting the probe-travelling speed at 
0.5 mm/s to find out the arithmetic roughness (R,) value. In the case of SR measure- 
ments, a minimum of three readings are recorded and the average value is reported. 
The standard deviation allowed is +1% of the surface roughness value as per the 
standard practice. 


5.2.2.5 Residual Stress Measurement 

The residual stress measurements (make PROTO, model MGR 40P) were conducted 
as per the ASTM E 2860-12 standard using the X-ray diffraction technique (Bragg’s 
law) for the test conditions are X-ray target — Cr_K- Alpha, Current -4 mA, Voltage — 
20 KV). A minimum of three readings was taken, and the average value was reported. 
The standard deviation allowed is +30 MPa. 


5.2.2.6 Microscopic Examination 

The microstructural assessment of DMLS samples was performed based on the stan- 
dard metallographic principle to obtain the light microphotographs. The worn sur- 
face morphological features were observed using SEM. 
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TABLE 5.2 

Factor Levels for the Experiment 

Factors Level 1 Level 2 Level 3 
Laser scanning speed-LSS (mm/s) 100 200 300 
Layer thickness-LT (micron) 20 40 60 
Normal load-NL (N) 30 40 50 


5.2.3 DESIGN OF EXPERIMENTS OF WEAR TESTS 


Taguchi's experimental design, being a powerful technique, can identify the dom- 
inant factors, their influence on the mechanical properties, and their interactions. 
The choice of the area of experiment and the identification of the suitable process 
parameters and their levels are based on screening of the experiments. These process 
parameters are listed in Table 5.2. 

In the present investigation, the influence of three factors, viz., scan speed, layer 
thickness and normal load each at three levels, was studied using an L,, (3*) full- 
factorial orthogonal design and it is shown in Table 5.2. Minitab 19 software is used 
for the DOE and statistical model analysis. 


5.3 RESULTS AND DISCUSSION 


The values of density, porosity, hardness, surface roughness and residual stress are 
shown in Table 5.3. From Table 5.3, it can be seen that the density of the samples 
decreased with an increase in laser scanning speed and layer thickness. The hard- 
ness values showed a similar trend. i.e., hardness decreased with an increase in layer 
thickness as well as speed. The observed lower hardness and higher porosity for 
higher scan speed conditions could be due to the partial melting of the powder [18]. 
Similar observations were reported by various researchers [19-21]. 


TABLE 5.3 
Porosity, Microhardness, Surface Roughness and Residual Stress of LPBF 
Processed Samples 


Laser Scan Surface 

Alloy Speed Layer Density Porosity Hardness Roughness Residual 
Designation (mm/s) Thickness (g/cm?)  (%) (VHN) (R,) um Stress (MPa) 
DS 20/100 100 20 um 8.05 327 146 12.8 —100 
DS 20/200 200 7.85 6.3 111 14.1 —83 
DS 20/300 300 7.78 6.5 79 15.4 —65 
DS 40/100 100 40 um 7.98 4.8 96 15.0 -71 
DS 40/200 200 7.79 6.9 78 16.3 -57 
DS 40/300 300 7.76 7.1 66 17.1 —45 
DS 60/100 100 60 um 7.91 5.1 91 16.8 -47 
DS 60/200 200 7.78 7.0 75 17.9 —39 


DS 60/300 300 7.75 hid 65 19.2 -35 
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Interestingly, the shape, size and morphology of the powder play a vital role in 
accomplishing the desired porosity during the LPBF technique. The powder size is in 
the range of 15 to 50 um with an average particle size of 30 um is employed in the 
present study. The tap density of the particle used is crucial during LPBF printing, 
since it relates the particle size distribution. For instance, powder size distribution 
near the upper limit (~40 to 50 um) can lead to larger porosity volume fraction during 
LPBF printing. It is due to the interlayers and particle arrangement may generate a 
further noteworthy porosity content. Conversely, powder size distribution nearing the 
lower limit (~1 to 10 um) can maximize the opportunity for lack of melting and thus 
escalates the porosity volume fraction during LPBF printing [22]. Therefore, powder 
size distribution considerably impacts the porosity content of the LPBF processed 
parts. Because of the above, it is comprehensible that the particle shape, size and 
morphology influences the porosity and thus the mechanical properties such as hard- 
ness of the LPBF fabricated parts as shown in Figures 5.3 and 5.4. 

Figure 5.5 show the effect of laser scanning speed and layer thickness on the sur- 
face roughness development. It is observed that the surface roughness increased with 
the increase in the laser scan speed and layer thickness. The larger magnitude of laser 
scan speed will lead to a shorter time interval for the complete melting of the powder 
particle; therefore unmelted and fused particles contribute towards the creation of a 
rougher LPBF part surface. It was observed that, in the case of layer thickness of 20 
um with a twofold increase in scanning speed from 100 mm/s to 300 mm/s has led to 
an increase of R, value of about ~20%. Similarly, for both 40 um and 60 um layer 
thicknesses, it was found to be around ~14% and 14.5%, respectively. Hence, it is 
understood that for complete melting to occur a sufficient time should be allowed for 
laser-powder interaction; therefore, lower scan speeds delivers the improved 
smoother surface. A similar trend was reported by other researchers [1, 23-25]. In 
addition, it is noted that the R, value rises for higher layer thickness value. It was 
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FIGURE 5.3 Porosity plot. 
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FIGURE 5.4 Hardness plot. 
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FIGURE 5.5 Surface roughness plot. 


observed that, in the case of laser scan speed of 100 mm/s with an increase of layer 
thickness from 20 um to 60 um has led to an increase in the R, value of about ~31%. 
In the case of lower-layer thickness samples, powder being spread on the powder bed 
requires lesser effort to fuse particles compared to the samples with higher thickness 
samples. Given the above findings, it is understood that both laser scan speed and 
layer thickness optimized for minimum values for achieving lower surface roughness 
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values. In general, the surface roughness of LPBF parts dictated by the degree of 
oxidation and the effectiveness of complete powder melting during the LPBF process 
(Li et al. [26]). In addition, during the LPBF process the unutilized powder particles 
are present around the deposited layers in the powder bed would facilitate further 
adhesion of powder particles to the deposited layers, leading to an increase in surface 
roughness. Further, three principal factors are responsible for the development of 
rougher LPBF part surface [27]: (a) the staircase phenomena associated with the 
number of deposited layers; (b) the powders with partial melting adhering to the 
deposited outside LPBF part surface; and (c) the presence of open holes, pores and 
partly melted areas. LPBF processing parameter optimization efforts are intended to 
address to an insignificant reduction in R, values only. Therefore, a suitable post- 
surface finishing process is inevitable to obtain a desirable R, value meeting the 
functional end-use applications. Recently, a lot of surface finishing techniques has 
been attempted to achieve the better surface finish on LPBF parts [28, 29]. Further, 
traditional machining for simple parts [30, 31], and chemical etching and vibra-hon- 
ing for intricate and complex parts [32]. 

The residual stress values measured are compressive, and their magnitudes are in 
the range of 35 to 100 MPa. From Table 5.3, it is noticed that the residual stress 
decreases with an increase in the scan speed, i.e., from —100 MPa to —65 MPa for 100 
mm/s speed, —71 MPa to —45 MPa for 200 mm/s speed, and —47 MPa to —35 MPa 
for 300 mm/s speed, respectively. It was observed that, in the case of layer thickness 
of 20 um with two-fold of increase of scanning speed from 100 mm/s to 300 mm/s 
has led to a decrease in the residual stress value of about ~35%. Similarly, for both 
40 um and 60 um layer thicknesses, it was found to be around ~37% and ~26%, 
respectively. It could be attributed to the level of porosity values obtained at higher 
laser scanning speed due to lack of melting of powder particles [33]. It is also well 
established that presence of porosities plays a prominent role in relaxing the residual 
stress values in LPBF parts [33]. Further, with an increase in laser scanning speed a 
gradual reduction in energy density because of the interaction time getting reduced 
between the laser beam and powder bed. This results in a decrease in the temperature 
gradient and cooling rate of the powder bed [34]. Also, the residual stress values have 
decreased with the increase in layer thickness. In addition, it is noted that residual 
stress value decreases for higher layer thickness value. It was observed that, in the 
case of laser scan speed of 100 mm/s with increase of layer thickness from 20 um to 
60 um has led to a decrease in the residual stress value of about ~53%. It could be 
attributed to diminishing trend of thermal gradients and cooling rates due to higher 
layer thickness during LPBF deposition [35]. 

Overall, the residual stress obtained for the samples lie in the range —110 to —35 
Mpa, the Vickers hardness lies in the range 146 to 65, a substantial variation seen in 
both of these cases. 

The role of compressive residual stresses generated due to layer thickness and 
scan speed have been established in the preset work. Further, higher the hardness 
value obtained, higher is the compressive stress getting induced in the sample. During 
hardness indentation measurement, the indentor load/stress is directed perpendicular 
to the sample surface. Subsequently, the direction of contact shear stress underneath 
the indenter is the opposite with the compressive residual stress direction. Hence, the 
compressive residual stress is confined to the amount of shear stress required for 
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FIGURE 5.6 Surface plots of residual stress. 


surface plastic deformation. The limited shear stress value can offer more resistance 
to the plastic deformation behavior due to indentation [36] (Figure 5.6). 


5.3.1 SLIDING WEAR BEHAVIOUR AND Cor OF DMLS PROCESSED SAMPLES 


Figure 5.7 show the specific wear rate for various load applications of 30 N, 40 N, 
and 50 N and a scan speed of 100, 200 and 300 mm/s in respect of layer thickness of 
20 um, 40 um and 60 um respectively at 1.04 m/s sliding speed. 

With the increase in load, the specific wear rates irrespective of the layer thick- 
nesses have increased. The trends observed with increase in thickness affecting den- 
sity, hardness and surface roughness are understandable, even for the increase in scan 
speed as they get full support from the literature points [37; 38]. 

A work carried out by Ramesh et al. [37] revealed that the wear behaviour of the 
DMLS-processed alloy have reported that the wear losses increased with the increase 
in the layer thickness as well as with the increase in scan speed. The other properties, 
namely, hardness, tensile stress and percentage elongation have decreased with laser 
scanning speed. 

A similar attempt by Ramesh et al. [38] focused on Ni-coated Iron silicon carbide 
composites to develop components by the DMLS method for laser speed of 50 mm/s 
to 150 mm/s. It is reported in the work that an increase in load from 10 N to 80 N and 
in speed from 75 mm/s to 100 mm/s, the specific wear rates have decreased. From 
their findings, it is seen that lower the scan speed, higher is the hardness & lower is 
the wear rate and Vis- Vis. 

This type of trend is noticed in published papers [38], where an increase in the 
load contributing to lower wear rate mainly due to higher plastic deformation result- 
ing in a higher probability of shearing of asperity at the junctions taken place. As 
regards the sliding speed, the different trends are noticed for iron and SiC 
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FIGURE 5.7 Surface and contour plots-wear. 
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components. The trends reported [35, 38] and the results obtained in the present work 
on hardness & sliding wear resistance are in very broad agreement. 

Further, it is well documented [39, 40] that higher the density and hardness, the 
wear rate decreased. The reason for this was attributed to lower porosity levels 
obtained for the lower-layer thickness samples. These are on the expected and the 
established trends. 

Another work, by Cody Ingenthron et al. [41], reported the effects of layer thick- 
ness on dry-sliding wear of additively manufactured stainless steel and bronze com- 
posite samples, i.e. the thinner the layer, the higher is the wear resistance. 

Figure 5.8 (a) plot pertaining to the mean of means of specific wear rate due to the 
change in the layer thickness, laser scan speed and load. Here it is evident that spe- 
cific wear rate is quite significant for the layer thickness increase compared to either 
laser scanning speed or the normal load of LPBF samples. In addition, Figure 5.8(b) 
depicts the interaction plots and is advantageous to assess collaboration among the 
factors. Observing the non-parallel nature of lines in the interaction plot suggests that 
there is an interaction among the parameters. It is observed that the lines are not par- 
allel, which indicates that all the three parameters, laser scanning speed, layer thick- 
ness and normal load, have a considerable influence on the specific wear rate. 

Figure 5.9 shows that the COF values increased with increased layer thickness 
and an increase in scan speed. A similar observation was reported by Naiju [42] on 
the direct metal deposition-processed layer of H13 tool steel, of varied thicknesses of 
0.5, 1.0 and 1.5 mm on mild steel sample have reported that for 0.5 mm layer thick- 
ness, the average COF obtained was 0.159 and for 1.5 mm layer thickness the aver- 
age COF recorded was 0.18. This demonstrates that CoF increases with an increase 
in layer thickness. Thus, the reported investigations [42, 43] give evidence to the 
present work. The porosity data results support this finding. The CoF behaves with a 
linear inverse relationship with the hardness. The friction force at the tribo-pair inter- 
face is reflected due to adhesion, deformation and intervention caused by a third body 
[44]. As per well-established mechanical attraction friction theory [45] the CoF value 
is the summation of the deformation (CoF,) and adhesive (CoF,) constituents as 
given by Equation (5.3). 


CoF = CoF, + CoF, (5.3) 


Moreover, the adhesive component of the friction force is minimized by enhance- 
ment in the hardness of the sample. Samples processed under lower-layer thickness 
(20 um) had lowered the adhesive component of friction force due to high hardness, 
resulting in lesser total friction force during sliding wear testing under all conditions. 
Hence lesser COF values are observed, leading to smoother worn surfaces (see 
Figures 5.11(a) and 5.13(a)). Sample processed with a layer thickness (40 um and 60 
um), owing to its lower hardness, has a higher interface area ensuing in higher fric- 
tion force than samples processed under lower layer thickness (20 um) during sliding 
wear testing. Therefore, the overall COF values are significantly higher, leading to 
rough and irregular worn surfaces (see Figures 5.12 and 5.14). 

Figure 5.10(a) shows the mean of means plot for the CoF behaviour of LPBF 
processed samples. It is noted that the effect of layer thickness on COF is significant 
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FIGURE 5.8 Specific wear rate of LPBF samples: (a) mean of means plot; (b) interaction plot. 
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FIGURE 5.9 CoF behaviour: (a) surface plot; (b) contour plot. 
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FIGURE 5.10 Frictional behaviour of LPBF samples: (a) mean of means plot; (b) interaction plot. 
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compared to laser scanning speed and the normal load employed. Further, 
Figure 5.10(b) depicts the interaction plots. It illustrates that the lines are not parallel, 
which indicates that all the three parameters, laser scanning speed, layer thickness 
and normal load, have a considerable influence on the COF behaviour. 


5.3.2 Worn SURFACE EXAMINATION 


Figure 5.11 shows the SEM pictures of the Cu-Ni alloy’s worn surfaces after slid- 
ing under a load variation of 30 N and 50 N. The sliding wear mechanism operates 
in accordance with Archard’s adhesive theory of wear. The worn-out asperities on 
the surface penetrate the sample surface, as they act as abrasive media and plough 
a series of grooves in it, thus causing three-body wear. It is evident from Figure 
5.11(b) for the sample DS20/300 that increased debris formation, together with 
higher deformation pattern in the form of parallel, continuous, and deep grooves, 
are observed at 30 N load compared to sample DS20/100 (Figure 5.11(a)), which 
exhibits significantly less debris formation and the number of continuous grooves 
noticed are less involving the delamination process. Hence, lower specific wear 
rate and lower COF values are observed for samples (DS20/100) under a load of 30 
N. It is noticed that the wear damage for the sample DS 20/300 is more significant 
(Figure 5.11(b)) due to the ploughing mechanism involving abrasive wear, which 
is responsible for higher COF values. On the other hand, Figure 5.12(a and b), for 
the samples DS60/100 and DS60/300 for 30 N load, the wear damage assessment 
using SEM reveals that DS 60/300 shows higher damage features (Figure 5.12(b)) 
such as higher degree of deep grooves, increased debris formation, and ploughing 
features along with the sliding directions. In contrast, DS 60/100 (Figure 5.12(a)) 
has lesser shallow groves formation, and lesser debris has formed in the material, 
indicating a lesser degree of damage. The DS 20/100 and DS 20/300 for 50 N 
load are shown in Figures 5.13(a and b). Figure 5.13(a) indicates shallow groves 
with a debris formation in the matrix, perhaps plastic deformation involving the 
delamination process. On the other hand, DS20/300 (Figure 5.13(b)) exhibits deep 
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FIGURE 5.11 SEM of DMLS samples having 20 um layer thickness for scanning speeds of 
(a) 100 mm/s, (b) 300 mm/s. at a load of 30 N. 
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FIGURE 5.12 SEM of DMLS samples having 60 um layer thickness for scanning speeds of 
(a) 100 mm/s, (b) 300 mm/s. at a load of 30 N. 
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FIGURE 5.13 SEM of DMLS samples having 20 um layer thickness for scanning speeds of 
(a) 100 mm/s, (b) 300 mm/s. at a load of 50 N. 


grooves, craters, voids and higher plastic deformation zones. They reveal very 
distinct wear damage features regarding DS 60/100 and DS 60/300 at 50 N load 
shown in Figures 5.14(a and b). The DS 60/100 have contributed to furrowing, 
deeply formed grooves on the surface, craters formation, moderate debris appear- 
ance, and flaky type sheet features of delamination mechanism. In DS 60/300 large 
number flakes/sheet formation due to shear of asperities, intense grooves, due to 
ploughing action and an overall higher degree of damage compared to the other 
SEM feature observed in Figures 5.11(a and b), 5.12(a and b) and 5.13(a and b) 
as well as Figure 5.14(a). Hence contributing to the higher COF values among all 
the samples. 


5.4 CONCLUSIONS 


The key points that emerged from the present experimental study are as follows: 


Tribological Performance Involving DOE 93 


A j 4) Matrix distortion 
"ZA E Y e ae 
A 4 Ae wy >- a 
o N 


Flakes/sheets 


$ 
ri 
< 
-X 
3 


i 


| 
Deep > 
i 


vN | 4 
SEM HV: 25.0 KV WD: 16,75 mm VEGA3 TESCANIE SEM KV: 25.0 kV 
SEM MAG: 1.00 kx Dot: SE 50 um 

View field: 208 ym Date(m/d/y): 01/23/24 CoE-BMS College of Engineering 


FIGURE 5.14 SEM of DMLS samples having 60 um layer thickness for scanning speeds of 
(a) 100 mm/s, (b) 300 mm/s. at a load of 50 N. 


e The Cu-Ni alloy samples with varied thicknesses of 20 um, 40 um and 60 
um were produced by the novel LPBF process involving three different scan 
speeds, namely 100 mm/s, 200 mm/s and 300 mm/s 

e The samples processed under lower-layer thickness and laser scanning 
speed exhibited higher Vickers hardness (~45%), compressive residual 
stress (~35%), and lower surface roughness (~20%) and porosity content 
(~43%). It was attributed to the powder and laser interaction phenomena 
during the LPBF process. 

e Regarding the sliding wear behaviour, the sample with 20 um layer thick- 
ness showed the least specific wear rate (at least one order of magnitude) 
than the sample with 60 um layer thickness, at a laser scanning speed of 100 
mm/s under all normal loads. 

e As regards the frictional behaviour, the sample with 20 um layer thickness 
showed the least COF (at least ~10%) than the sample with 60 um layer 
thickness, at a laser scanning speed of 100 mm/s under all normal loads. 

e The superior sliding wear performance is attributed to the better mechanical 
properties of the LPBF sample processed under lower laser scanning speed 
and thinnest layer thickness. 

e The scanning electron microscopic studies on the worn surface morpholo- 
gies corroborate well with the sliding wear data obtained, thus demonstrat- 
ing the culmination of various wear mechanisms. 


The work may be summarized that the LPBF parts, made of bronze-nickel alloy with 
varied frictional and wear responses, may be suitable for damping and bearing pad 
applications. 
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6.1 INTRODUCTION 


The tribology at different scales such as nano-, micro- and macro-scales needs fur- 
ther understanding. The energy efficiency and life span of devices with moving com- 
ponents increases with decrease in friction. The scientific estimation is that one-third 
of the fuel consumed in automobiles used simply to tackle the friction [1]. The miti- 
gation of energy losses due to friction may contribute significantly to the efficiency 
and lifespan of machines, as well as helping to fight against climate change by cut- 
ting anthropogenic CO, emissions. 
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Fossil fuel-based oils are the common lubricants used to reduce friction and wear. 
Although, in many other critical applications, such as in the aerospace industry, the 
usage of conventional liquid lubricants is restricted, particularly in extremes of tem- 
perature, pressure and environments (i.e., reactive/corrosive) [2, 3]. Therefore, the 
alternative solid lubricants are of great interest. State-of-the-art solid lubricants 
include molybdenum disulfide (MoS,), graphite, boron nitride (BN), tungsten disul- 
fide (WS,), magnesium silicate (e.g. Mg,Si,0O,)(OH),, talc), and polymers such as 
polytetrafluoroethylene (PTFE, Teflon®) [3, 4]. These common lubricants can be 
applied as surface coatings or as fillers in self-lubricating composite materials. 

Solid lubricant coatings on sliding contacts most often produce a thin layer of 
transfer material from the coating to the counterface. This newly transferred layer of 
material may be called as tribofilm or transfer layer or tribo layer. Due to such trans- 
fers, different chemistry or microstructure may be observed on wear surfaces because 
of surface chemical reactions occurring with the surrounding environment. 
Henceforth, it is a concern with solid lubricant coatings that it may reduce friction or 
wear in one environment but fail quickly in a different one [4]. Due to the controls of 
the shear resistance in the interface zone, the incorporation of solid lubricants could 
also improve the tribological behavior in polymer and its composites [5]. 

Graphene and graphene oxide (GO) are emerging solid lubricants which have 
been investigated for sliding applications in various environments [6]. The majority 
of these works investigated graphene (and related materials) as potential additives for 
traditional fossil fuel-based oil lubricants. Dou et al. recently reported an enhance- 
ment of the lubrication properties of polyalphaolefin (PAO) oil blended with crum- 
pled micron-sized graphene balls, with a particular focus on particle morphology [7]. 
Recent studies on solid lubrication have demonstrated that few-layer graphene onto 
440C stainless steel using solvent casting technique can provide a reduction in the 
coefficient of friction (COF) from ~1.0 to ~0.2 and a significant increase in wear 
durability by three orders of magnitude [8, 9]. The macroscopic tribology of chemi- 
cal vapor deposition (CVD) grown monolayer graphene transferred onto 440C steel 
has also been investigated. The COF was ~0.2, and in hydrogen (900 mbar) the wear 
life was around 40 times longer than in nitrogen (900 mbar) [10]. The excessive dam- 
age to the graphene layer prevented by hydrogen passivation of defects is attributed 
to be reason for this excellent frictional behavior in hydrogen. 

The adhesion of graphene onto different solid substrates remains a challenge. For 
instance, Liang et al. have reported pure GO film, deposited on silicon substrates via 
the electrophoretic deposition technique, achieved the COF values as low as 0.05 and 
suggested that GO can serve as a common MEMS parts solid lubrication material 
[11]. Recently, the layer-by-layer (LbL) self-assembly technique has been utilized to 
build a GO multilayered composite. In this technique, the electrostatic attraction 
between the negative and positive charges from GO and polymers, respectively, is 
used for fabrication. In this way, extremely delicately defined multilayers of alternat- 
ing positively and negatively charged materials can be built up simply by dip-coat- 
ing, spin-coating, printing, or spray-coating. Generally, the further transformation of 
such electrostatic assemblies to covalent bonding can be performed using UV irra- 
diation or heat treatment [12]. Solid merits of this coating technique include simplic- 
ity, a high degree of thickness control (within several nanometers), facile deposition 
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onto complex geometries, low cost, and scalability [13]. In tribology, thin films of 
poly(sodium 4-styrenesulfonate)-mediated graphene assembled by LbL with poly- 
ethylenimine (PEI) were measured to have a COF of ~0.2. A minimal increase in 
wear life was reported with the thickness increase [14, 15]. Very few articles in the 
literatures have investigated the environmental effect on the frictional behavior of 
graphene and GO solid lubricants. The vast majority report a COF of ~0.2 for gra- 
phene or/graphene oxide coatings on steel [9, 10]. However, macroscale superlubric- 
ity was observed for graphene sliding against a diamond-like carbon (DLC) 
counterface (COF ~0.004) [16]. The formation of nanoscrolls at the contact area 
between the surfaces is demonstrated as the reason for this observed superlubricity. 

In this chapter, we report the interesting tribological behavior of polyethyleni- 
mine/graphene oxide (PEI/GO), LbL solid lubricant coatings in air, vacuum, nitro- 
gen, and hydrogen gas environments [17]. The basic motivation for using graphene 
oxide was its high strength, processability (water dispersible), and the fact that it is a 
monolayer. PEI was chosen specifically to “glue” graphene oxide layers together via 
the LbL approach in order to create thicker coatings of GO and improve adhesion to 
the steel surface. The most related conventional solid lubricant — graphite — has low 
COFs in humid environments, however fail in dry one, therefore any new system that 
improves on this is desirable. In our work, extraordinarily low COFs and long wear 
lifetimes are reported, depending on the thickness and the environment. Detailed 
microstructural analysis of wear surfaces and debris and computer simulations are 
carried out to gain understanding into the mechanism behind these substantial 
improvements. 


6.2 EXPERIMENTAL METHODS 
6.2.1 COATING DEPOSITION 


The 0.2 wt% of polyethyleneimine (PEI) solution was prepared by dissolving the 
branched polyethyleneimine (PEI) (Mw ~25000 g mol-!, purity >99%, Sigma- 
Aldrich) in water. The pH of the PEI solution was measured as 10.3 (basic) by digi- 
tal pH meter (SevenEasy, Mettler Toledo). To make a 0.1 mg ml”! graphene oxide 
(GO) aqueous solution, as bought GO aqueous solution (4 mg ml"!, Sigma-Aldrich, 
monolayer content >95%) was diluted in water and the pH of the final solution was 
measured as 3.75 (Acidic). The oxygen content in the GO is >36% (according to the 
datasheet). The deionized pure water (18.3 MQ cm-!) used for solutions and wash- 
ing purposes was prepared using reverse osmosis, then ion exchange and filtration 
(Millipore, Direct-QTM). 

Figure 6.1 shows a schematic diagram of the layer-by-layer (PEI/GO),,_,; coating 
deposition. Electrostatic LBL deposition was performed by the absorption of oppo- 
sitely charged molecular species alternatively onto different substrates (i.e. steel, 
quartz glass, silicon) [17, 18]. The substrates were rinsed in ethanol and dried in 
nitrogen, prior to film deposition. Subsequently, the substrates were subjected to 
oxygen plasma treatment using a plasma-etching system (FA-1, SAMCO, Japan) to 
introduce a negatively charged surface for absorption of the first layer of cationic 
PEI. Plasma treatment conditions are as follows: RF power: 55 W, and an O, flow: 
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FIGURE 6.1 Procedure of the layer-by-layer (PEI/GO),_,, coating deposition.(Reproduced 
with permission from Saravanan, et al. [17].) 


10 ml min”! and the treatment time: 5 min for the steel substrates, respectively. After 
O, plasma etching, the substrates were alternatively immersed (for 15 min) into 
aqueous solutions of PEI (0.2 wt%) and GO (100 mg/L), as shown in Figure 6.1. 
Rising and drying the substrates in water and in nitrogen gas, respectively, strictly 
followed after each immersion step to avoid the physisorption. 

To study the effect of the coating thickness on tribology, three distinct coatings 
with 5, 10 and 15 bilayers of PEI/GO were fabricated, respectively. The fabricated 
films are abbreviated as (PEI/GO),, where n is the number of bilayers deposited and 
n = 15 in this study. In each case, the outermost layer was GO. 


6.2.2 CHARACTERIZATIONS OF (PEI/GO),; COATINGS 


The LbL (PEI/GO),; coating deposition was controlled using a quartz crystal micro- 
balance (QCM), and characterized using Raman spectroscopies, UV-Vis, FT-IR- 
RAS and contact angle measurements. The optical microscopy, scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) were used for coat- 
ings, worn surface and wear debris morphology characterization. 

QCM on electrodes with a frequency of 9 MHz (USI System, Fukuoka, Japan) 
were used for monitoring the adsorption of the PEI and GO layers after each deposi- 
tion cycles. The frequency change before after deposition was used to estimate the 
mass change using the modified Sauerbrey equation [19]. 

The (PEI/GO),; coatings on quartz glass substrates were subjected to UV-vis 
absorption analysis, immediately after each deposition cycle at room temperature 
using a UV-vis-NIR V-670 spectrophotometer. 

Raman characterization was done on fresh and worn surfaces (after tribology 
tests) of (PEI/GO) coating by a DXR™ Raman Microscope (Thermo Scientific, 
USA). The wavelength and a maximum laser power are 532 + 1 nm and 10 mW, 
respectively. The spectras were acquired in the range O to 3500 cm”!, with an 
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exposure time and laser power of 20 s and 1 mW, respectively. The numerical aper- 
ture of the 20X lens was 50 um and the laser beam diameter was 1 mm. 

To study the nature of the surface (hydrophobic/hydrophilic), the water contact 
angle was carried at the end of each deposition cycle, using a CA-W automatic con- 
tact angle meter (Kyowa Interface Science, Japan) equipped with an AD-31 auto- 
dispenser. The reported data was averaged from 10 separate measurements on the 
same coating. 

Morphological investigation of the coating surfaces, cross-sections and wear 
debris after the sliding tests was conducted using field emission scanning electron 
microscopy (5 kV, FESEM Hitachi S-5200). The samples, fractured in liquid nitro- 
gen and dried under vacuum, were used for cross-sectional imaging. All samples 
were coated with a thin platinum layer to avoid charging due to electron beam. 
Finally, high-resolution transmission electron microscopy (HRTEM, JEM-2010, 
JEOL, Japan) with an operating voltage of 200 kV was utilized to characterize the 
wear debris collected after the sliding tests done in different environments. 


6.2.3  TRIBOLOGICAL TESTING 


The sliding tests were carried out in air (~140 ppm of H,O), vacuum, dry hydrogen 
(H,) and dry nitrogen (N,) environments using an in-house made multi-environmen- 
tal tribotester. Figure 6.2 shows the graphical illustration and a digital photograph 
of the tribotester setup, and reported in our previous works [20-23]. All tests were 
done at room temperature (25°C). The substrate and counterface are polished AISI 
304 stainless steel (hardness ~ 60 HRC, Ra. 0.01 um) and SUS steel balls (8 mm 
diameter), respectively. The normal load was 5 N; the sliding speed was 0.47 m/s 
(250 rpm); and the sliding distance was ~1600 m. The hardness of (PEI/GO)15 coating 
on steel: -0.12-0.16 GPa and the corresponding contact pressure was 0.1 GPa. The 
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FIGURE 6.2 (Left) Digital photographs of the custom built tribometer setup a, overall view, 
b, detailed test chamber view. (Right). Schematic illustration of the custom-built tribometer 
setup.(Reproduced with permission from Saravanan, et al. [17].) 
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steady-state coefficient of friction (COF) was estimated by averaging from the point 
where steady-state behavior was first observed until the end of the test, or until the 
failure of the coating. When COF is higher than 0.4 or any abnormal fluctuation in 
COF is termed as failure of coating. 

Our observation is such that when a COF is higher than 0.4, a sudden increase in 
COF to much higher values (e.g. 0.8 or 1) with significant fluctuations in COF values 
is often observed. Average COF values calculated from three repeated trails are 
reported for all cases. Similar definitions for COF have been used elsewhere [24-26] 
and in our previous works ([27-29]). 


6.2.4 Density FUNCTIONAL THEORY (DFT) SIMULATIONS 


The insight into the interaction between GO layers under pressure in different gas 
environments was studied by DFT calculations. The influence of PEI was not taken 
into account at this point for simplicity. In addition, the amount of PEI in the LbL 
films is negligible. The H,O, hydrogen and nitrogen molecules were intercalated 
between GO bilayers to simulate the experimental results. The calculations were 
done with the periodic plane wave DFT method, implemented in the Vienna Ab-initio 
Software Package (VASP) [30-32]. The general gradient approximation (GGA) was 
employed, and PAW pseudo potentials were used [33]. The cut off energy was set to 
400 eV, and the k-point sampling was 2 x 2 x 1. 


6.3 RESULTS AND DISCUSSION 
6.3.1 COATING CHARACTERIZATION RESULTS: MORPHOLOGY AND GROWTH 


The multilayer (PEI/GO),; thin films were coated onto 440C steel substrates using 
LbL electrostatic self-assembly. The chemical architectures of polyethyleneimine 
(PEI) and graphene oxide (GO) are presented in Figure 6.3(a). Digital photos of steel 
substrate and (PEI/GO),, thin films deposited onto steel is shown in Figure 6.3(b) (left). 


FIGURE 6.3 Sample specimens. (a) Chemical architecture of PEI and GO used for (PEI/ 
GO),; LbL assembly. (b) (left), Photographs of steel substrates used in the macrotribologi- 
cal tests, coated with (PEI/GO),; bilayers. (b) (right), Cross-sectional SEM images of the 
(PEI/GO),; coatings fabricated on silicon (Si) wafers showing the approximate thicknesses. 
(Standard Deviation: +5% for 15 bi-layers.) 
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FIGURE 6.4 QCM measurements. (a) Change in QCM frequency of oscillation due to the 
deposition of (PEI/GO),, films. (b) Photograph of uncoated and (PEI/GO)10 -coated QCM 
sensors.(Reproduced with permission from Saravanan, et al. [17].) 


The SEM images captured at cross-section of 15 bilayer films deposited on Si wafers 
(Figure 6.3(b)-right) clearly reveals the consistent layered structure of the coatings. 
Figure 6.4 shows the quartz crystal microbalance (QCM) measurements, performed 
to characterize the coating growth after each deposition cycle. Quantitative gravi- 
metric data shown in Figure 6.5(a), confirms that the coating is mainly made of GO 
and much less PEI. The estimated density was ca. 0.5 g/cm3, which is similar that 
of dry GO powders. Cross-sectional SEM image in Figure 6.3(b) (right) was used to 
measure the thicknesses and also affirms the layered structure. 

The roughness of the (PEI/GO),; film is 253 A, measured using a profilometer and 
that is very consistent with the observed surface SEM images, i.e. the roughness 
increases with the number of LbL layers. Taking into account these values, the very 
minor influence of roughness on the friction result in the macroscale lubricity testing 
was expected as the values are few tens nanometers that is quite small considering 
the significantly large contact area between ball and counterface. 
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FIGURE 6.5 (a) Mass increase at each deposition step (measured by QCM) for PEI and 
GO, demonstrating faster GO mass increase after the 6th cycle. (b) Water contact angle mea- 
surements after each deposition step confirming the deposition of PEI despite the slight mass 
decrease at later cycles. (Reproduced with permission from [17].) 
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6.3.2 TRIBOLOGICAL TEST RESULTS 


Figure 6.6 shows the sliding tests results carried out on the fresh (PEI/GO), surfaces 
in various environments. The bare steel substrate sliding against a steel ball in air has 
COF of ~0.89. A similar friction trend was observed in all other environments. (PEI/ 
GO), coatings in air have a COF of ~0.17, which is comparable to the COF reported 
in earlier studies for graphene and GO coatings [6, 10, 11, 14, 34]. The wear life 
increases significantly from ~100 cycles for steel to ~5,000 cycles for (PEI/GO),; 
coting on steel, respectively. 

Under vacuum conditions, quite different behaviors are observed. (PEI/GO),; 
shows a very low COF of ~0.08 until around 10,000 cycles (Figure 6.6). The coating 
is compromised, and friction increases as the underlying steel surface is exposed. In 
dry H, with 2 ppm of water, (PEI/GO),5 showed that a much lower COF of ~0.04 is 
observed up to ~16,000 cycles. However, in dry N,, an extremely low COF value of 
< 0.02 is observed after a “running-in” period (approx. < 500 cycles), up until 
~18,000 cycles. Significantly stable ultra-low COF is seen in N, for (PEI/GO),, over 
a greater time duration [17]. A specific self-healing behavior is observed in a hydro- 
gen atmosphere as there was a COF increase for a short duration of a few thousand 
cycles before there was a return to the low COF again. This may be attributed to the 
hydrogen passivation effect postulated in earlier studies Berman et al. [10]. 

In brief, steel shows a COF ~ 0.9 in all environments. (PEI/GO),; coatings 
enhanced the friction and wear behavior and expanded the wear life in all gas atmo- 
spheres. Drier conditions lead to better tribological properties and, in particular, the 
best results are achieved in dry nitrogen. The reasons behind the lower friction coef- 
ficients (COF < 0.01) are explained briefly below. 

Presumably, this is the very first experimental observation of macroscale superlu- 
bricity for GO-based solid coating on steel. In a prior study, superlubricity between 
a DLC-coated ball and SiO, was demonstrated by the inclusion of nanodiamonds 
(NDs) to solution-casted graphene layers [16]. The main finding is that the 
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FIGURE 6.6 Typical coefficient of friction (COF) Vs. Number of cycles plot, showing fric- 
tion behavior of bare steel and (PEI/GO),; coating in different environments. 
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nanodiamond particles promoted the transformation of graphene sheets into nano- 
scrolls in dry environments. A similar observation of conceding the lowest friction in 
the drier environments (H,, N,) is also seen here. Hence, as in [16]), the main possi- 
bility is that the observed ultra-low friction has its origin at the microstructural level. 
The environment-induced transfer layer formation and regeneration of transfer layers 
on the counterface material are among the other possibilities. Therefore, the worn 
surfaces and debris are thoroughly examined hereafter to gain an insight into the 
underlying mechanisms. 


6.3.3  WORN/WEAR DEBRIS MICROSTRUCTURAL CHARACTERIZATION 


Figure 6.7 shows the optical micrographs of the tested samples, which demonstrates 
the condition of coating and severity of wear, the transfer film’s existence and the 
size of contact area between the ball and surface. The apparent contact area was 
larger for the balls tested in air (Figure 6.7, air), in contrast with the ones tested in 
other gas environments. In summary, micrographs indicate that the reduction in con- 
tact area correlates well with observed frictional behavior. 

SEM observation shows that the fragmentation of (PEI/GO),; coating into micron/ 
sub-micron-scale particles does occur in all testing conditions, suggesting that the 
coating does not remain undamaged. Figure 6.8(a) shows that the wear debris after 
tested in air has more agglomerates with larger particles. Typical features are round- 
edged particles with an amorphous appearance (Figure 6.8(a)). While the in-dry con- 
ditions (vacuum, H,, and N,), the debris are typically smaller in size with a retention 
of the GO-layered structure. In addition, many smaller platelets do exist in the images 
(Figure 6.8(b—d)). The layered structure is much more obvious in N, than in vacuum 
and hydrogen. 

TEM images of the wear debris collected after testing in air (Figure 6.8(e)) indi- 
cates typical microstructure of GO and similar to the particles observed in SEM 
(Figure 6.8(e)). By contrast, in drier environments (Figure 6.8(f)) the larger particles 
(um sized) are covered with an ample amount of nano-featured particles such as 
hollow nanoparticles, and nanotubes/nanoscrolls. The wall thickness of these 


Air—(PEI/GO), Vacuum — (PEV/GO Dry H, — (PEI/GO), Dry Nz — (PEI/GO);s 


Dry H;- (PEI/GO);, 


FIGURE 6.7 Optical microphotographs of counterface ball and worn surfaces after the slid- 
ing tests in in various environments. 
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FIGURE 6.8 Scanning electron microscopy (SEM) images of wear debris collected after 
sliding tests in various environments. a. air; b. vacuum; c. dry H,; and d. dry N,. Transmission 
electron microscopy (HR-TEM) image of the wear debris collected after the friction test in, 
e. air; f. N, (similar microstructure was observed in vacuum and H,).(Reproduced with permis- 
sion from Saravanan, et al. [17].) 


nano-featured particles is about 2-10 nm, indicating that layers of (PEI/GO), turned 
into these particles by the sliding induced scrolling and rolling process. 

The tribology (i.e. friction, wear)-induced development of these nanostructures is 
extremely common, as shown by Berman et al. [16]. The energy supplied by a sliding 
ball on GO layers removes them from coating. Then this kinetic energy facilitates the 
scroll development through the promotion of energy imbalance in the system. This is 
believed to be responsible for the obtained superlubricity by means of behaving as 
nanoscale bearings. During the “running-in” period in N,, the significant decrease in 
COF during the initial few hundred cycles may correspond to the milling up of the 
coating into micron-sized particles and eventually the formation of nanoparticles. 
These nanofeatured particles are considerably durable and strong, because their 
structures (i.e. hollow form) remain undamaged even after 25,000 sliding cycles. 
Moreover, there is considerable similarity between nanostructures observed here in 
our work to the earlier observation communicated by Berman et al., where dry 
conditions assisted graphene nanoscrolls formation resulted in macroscale superlu- 
bricity [16]. 


6.3.4 RAMAN CHARACTERIZATION RESULTS 


The local chemical structure of the GO on the sliding surfaces is further investigated 
by Micro-Raman characterization before the coating failure. Thus, the tests were 
stopped after around 5,000 cycles. The much lighter wear tracks were observed for 
dry environments (Figure 6.9(a)). The typical ‘D’ and ‘G? bands, corresponding to 
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FIGURE 6.9 (a) Wear track images after 5,000 cycles in different environments. (b) Ay/A¿ 
ratios calculated from averaged Raman spectras acquired on GO, fresh surface of (PEI/GO) s, 
and wear tracks after sliding tests. Optical microscopy image shows the typical place of spec- 
tra acquisition from wear track. (Reproduced with permission from [17].) 


GO, were seen for fresh surfaces [35, 36]. The (Ap/A,) ratio for the fresh surface of 
all (PEI/GO),; coatings and pristine GO was about 1.42, which is suggesting that that 
no noticeable alterations occurred in the structure of GO due to LbL activity [37, 38]. 
However, the (Ap/Ao) ratios on the wear track after the test in air and dry environ- 
ments (H,, N, and vacuum) were increased to around 1.52 and 1.61, respectively. 
There are some reports in the literature on ‘D’ band intensity surges due to milling 
induced friction and sliding processes. This is a direct indication of an increase in the 
number of defects [37, 39, 40]. This indicates that significant alterations do occur in 
the chemical structure of GO in dry conditions than in air (humid), caused by slid- 
ing tests. The Raman results are in good accordance with the earlier observation of 
friction-induced formation of nanoparticles in dry environments. 


6.3.5 DEFT SIMULATIONS 


In order to investigate further into the atomistic scales of this system, density func- 
tional theory (DFT) simulations were carried out on graphene oxide bilayers interca- 
lated with molecules of H,O, H, and N,. A GO model was developed by introducing 
the epoxy, oxygen atoms, carboxyl and hydroxyl groups to pure graphene. The inter- 
layer spacing between layers without any intercalated species was adjusted to 5.8 A. 
The optimized interlayer distances with intercalated gas molecules for water, hydro- 
gen, and nitrogen, were 6.3 A, 7.1 A and 7.0 A, respectively (Figure 6.10). The con- 
tact pressure endured by the films in tribological tests was replicated by decreasing 
the cell parameter gradually, normal to the plane of the GO sheets with a 0.2 A step 
size. At each step, the atomic coordinates were fully relaxed, but the cell parameters 
in all spatial directions were fixed. Figure 6.10(b) shows that the potential energy of 
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FIGURE 6.10 Theoretical simulations. (a) Investigated models of graphene oxide in vac- 
uum, water, nitrogen, and hydrogen atmosphere. (b) Potential energy surface scans of graphene 
oxide in vacuum, water, nitrogen, and hydrogen atmosphere, for applied pressure perpendicu- 
lar to the graphene oxide layers.(Reproduced with permission from Saravanan, et al. [17].) 


surfaces for vacuum, hydrogen and nitrogen are reasonably similar without water, 
with an increase in repulsive force when the pressure is applied. Whilst in the pres- 
ence of water, multiple local minima indicates the hydrogen bonding occurs and 
also a sequence of geometrical reorientations take place for of the water to minimize 
energy. 


6.4 DISCUSSION 


To discuss and interpret further the above results, the effect of various environments 
on the tribological behavior of (PEVGO),, films can be elucidated by the observation 
such as film microstructure, nanostructures formation and interlayer interactions. In 
humid air, the film crumbles into much larger chunks of coating under the action of 
sliding, which resulted in reasonably low COF of ~0.2. Similarly, the hydrophilic 
nature of both PEI and GO allows the humidity (water) in the air to be absorbed. 
Based on DFT simulations, the humidity in the air leads to strong hydrogen bonding 
between the layers under pressure. Consequently, this hydrogen bonding hinders the 
breaking up of the sheets and milling them into smaller micro- and nanostructures, 
as ascertained by TEM observation. 

The amount of humidity present in the nitrogen gas environment is negligible, 
compared to air. As claimed by the DFT simulations, the strong electrostatic repul- 
sion between the GO layers promotes the separation and breaking up of the individ- 
ual GO layers into flakes and nanostructures, as shown by the SEM and TEM images. 
Eventually, this results in a smaller apparent contact area and, subsequently, low 
COF and wear. Same particles were also observed in a vacuum. 

The DFT simulations indicated that that the situation of hydrogen should be simi- 
lar to nitrogen. By contrast, the tribological behavior in hydrogen was somewhat 
poorer than in nitrogen, with fewer nanostructures, as observed by TEM. The 
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formation of water via reaction between H, molecules and O,-based functional 
groups on GO is thought to account for the observed inferior behavior in H, [41]. 

The typical solid lubricant graphite has very contrasting and interesting friction 
and wear behavior than these LbL (PEI/GO),, coatings. Graphite shows high friction 
and superlubricity, in dry and humid environments, respectively [42-45]. By con- 
trast, GO has superlubricity and high friction, in dry and humid environments, 
respectively. One postulation for observing low friction in a humid environment is 
due to the fact the weakening of the binding force between the basal planes of graph- 
ite near surface by intercalation. Another finding is that the chemisorbed water mol- 
ecules increases the interlayer spacing between bulk and near surface basal planes 
[42, 46]. However, in GO-based coatings, intercalated water between two GO layers 
leads to the opposite effect due to the generation of more bonds between basal planes. 
The highly hydrophilic nature of GO is to be attributed for this behavior in contrasted 
with the hydrophobic nature of graphite. While in dry atmospheres, hydrophobic gas 
molecules in the GO coating behave the same as water in graphite, specifically 
expanding the distance between basal planes. 

The frictional behavior of (PEI/GO),; coatings is compared with common solid 
lubricant diamond-like carbon (DLC) coatings. The friction coefficient of (PEI/ 
GO), coatings in dry nitrogen and hydrogen is comparable to hydrogenated amor- 
phous DLC coatings in dry N, (COF ~ 0.06) [47, 48] and hydrogen (COF ~ 0.01) 
[49]. However, DLC is much more durable than (PEI/GO),; coatings. This may be 
attributed to the poor alignment and cross-linking of GO flakes. Further work is nec- 
essary to elucidate and validate the mentioned postulations. 

Another important comparison of our findings should be done with the 
microscale friction tests on modified graphene. Several works revealed that force 
of friction increases upon the hydrogenation, fluorination or oxidation of graphene 
[50]. In the recent study, Lee et al. elucidated that low friction happens in the sp?- 
rich GO subdomains [51]. The important difference of our work and mentioned 
nanoscale studies is that low friction in our case is considered to take place between 
the layers of GO and is enhanced depending on gaseous atmosphere. Nanoscale 
studies measure the friction between the AFM tip and usually single layer of (mod- 
ified) graphene. In our case we have a combined effect: steel ball may actually have 
higher friction against the top layer of GO, but the GO layer has very low friction 
against the subsequent layer, therefore resulting in a total macroscale friction 
reduction. 

Overall, based upon the DFT outcomes, it may be suggested that the repulsion 
between the GO layers in various environments has a great significance on tribo- 
logical properties. Observed superlubricity appears to be the product of formation 
of micro- and nanoparticles, as well as the interlayer repulsion in various atmo- 
spheres. Both criteria are met only in dry N,, in which excellent friction and wear 
behavior were witnessed for (PEI/GO),, coatings. The results obtained from the 
DFT calculations should be taken with care to the scale difference between the 
built computational model and the size and complexity of real coating/environ- 
ment. However, as the model for DFT calculations represent an infinitely repeat- 
ing unit cell of the real system and therefore do indeed represent a macroscopic 
object. 
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6.5 CONCLUSIONS 


In summary, the tribological behavior (i.e. friction and wear) of (PEI/GO),,_,; coat- 
ings on a steel substrate was explored in four different environments (humid air, vac- 
uum, hydrogen and nitrogen). Overall, the coating provided a noticeable reduction 
in COF and enhancement in wear lives in all dry environments. (PEI/GO),, ¡5 coat- 
ings in dry environments had a considerably superior tribological performance than 
the performance in a humid atmosphere. Superlubricity of COF ~ 0.02, obtained 
in dry atmospheres, is attributed to the formation of specific nanostructures under 
dry conditions, leading to a huge reduction in the contact area, friction and wear. 
DFT simulation suggested that in the presence of intercalated water under pressure, 
a strong hydrogen bonding network forms, preventing the separation of GO sheets 
to form such nanostructures. In dry environments, inert gases such as N, result in 
better tribological performance than reactive gases such as H,. This is due to the 
formation of nanoparticles in dry environments, which are not observed in humid 
environments. These results open up the field for durable and almost frictionless 
graphene oxide solid lubricants for mechanical engineering applications. 
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7.1 INTRODUCTION 


H. Hertz [1] in 1881 first solved the contact problem of two elastic cylinder bodies 
in contact and this has subsequently been the base of contact mechanics theory. 
All modern-day contact mechanics problems are interpreted and solved using this 
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classical theory. Archard [2] was the principal researcher after Hertz to have experi- 
mented on the contact pressure between two contacting and deforming bodies. The 
contact-related problems have been increasing and causing problems such as pit- 
ting and scuffing on gears, which has been the focus of much research interest [3]. 
According to the Hertz theory, it can be observed that the contact stresses depend 
on curvature radius and material properties of contacting bodies unlike for bend- 
ing which depends on the shape and geometry of gear tooth [4]. In the past two 
or three decades, many researchers worked with different methodologies to evalu- 
ate the gear contact stress variations, i.e. through analytical/mathematical mod- 
els, experimental and Finite Element (FE) techniques. Initial investigations on FE 
stress variation estimation of gear tooth without including friction were conducted 
by Ramamurti and Rao [5], Sundarajan and Young [6], Rao and Muthuveerappan 
[7], Chen and Tsay [8], Gosselin et al. [9] and Vijayakar et al. [10]. Other works 
with FE models presented by Chen et al. [11], Barone et al. [12], Chacon et al. 
[13], Parker and Vijayakar [14] and Atanasovska [15] used analytical calculations 
to validate the FE model for helical gears. They argued that these models are well 
suited and can be employed effectively. The frictional inclusion in gear contact 
stress evaluation is one of the important areas too. A literature review by Patil et 
al. [16] on contact stress evaluation, both with and without friction, explains dif- 
ferent methodologies. It is also evident that Finite Element Analysis (FEA) is one 
of the better estimates of contact stresses in most of the cases. However, other 
works of Patil et al. [17—19] on frictional contact evaluation have not discussed the 
stress variations along the contact path (line of action), except one in which spur 
gear stress variations have been shown. Few other works of Hsieh et al. [20] and 
Atanasovska [21] also used a single tooth model, which may have a few limitations 
in appropriate estimation of stresses. 

Therefore, the present chapter makes an attempt to discuss the detailed contact 
stress variation along the contact path of spur and different helical gears. This estima- 
tion will bring out the percentage variation of contact stresses along the contact path 
with respect to the pitch point of contact. Also, it will reveal the percentage increase 
in the stresses at different points due to frictional variation between 0 to 0.3 friction 
coefficient. 


7.2 METHODOLOGY 


The gear contact stresses have been evaluated using three approaches, analytical 
approach, Finite Element Method (FEM) and Romax Software. The flow of the 
current study is represented in Figure 7.1. It shows that the frictionless contact 
stresses calculated using the AGMA formula were used to validate frictionless 
FEM formulation. Later the validated FEM and RomaxDESIGNER were used to 
calculate the contact stresses along the contact path and contact stresses variation 
with friction. 
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FIGURE 7.1 Flow chart of the study. 


Analytical calculations were carried out using the AGMA equation represented by 
Equation 7.1 [17]. AGMA contact stress calculations were performed for the gears 
and comparison was done with FEM. The detailed specifications of the spur and heli- 
cal gears are shown in Table 7.1. The FE methodology used to determine the contact 
stress distribution on the spur and helical gears pairs with frictionless contact condi- 
tions is summarized in Figure 7.2. A precise APDL program [22] was used to create 
involute geometries with no errors, but this requires the user to be skilled in APDL 
programming. The gear pairs were made of structural steel and their properties are 
mentioned as reported by the gear manufacturer. Figure 7.2 shows the steps which 
were followed to generate the 3D gear segment, where both the pinion and gear were 
correctly assembled to form the gear pair model. The same modelling procedure, 
right from the involute profile generation was followed to model all other 


TABLE 7.1 
Specifications of Finite Element Gear Sets 


5-Degree 15-Degree 25-Degree 35-Degree 


Helical Helical Helical Helical 
Analysis Gears Spur Gear Gear Pair Gear Pair Gear Pair Gear Pair 
Parameter Pinion Gear Pinion Gear Pinion Gear Pinion Gear Pinion Gear 
No. of Teeth 20 20 20 20 20 20 20 20 20 20 
Normal Module 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Normal Pressure 20 20 20 20 20 20 20 20 20 20 

Angle (degree) 

Helix Angle (degree) 0 0 5 > 15 15 25 25 35 35 
Pitch Diameter (mm) 91.5 91.5 91.84 91.84 94.72 94.72 100.95 100.95 111.69 111.69 
Face Width (mm) 20 20 20 20 20 20 20 20 20 20 
Centre Distance (mm) 91.5 91.84 94.72 100.95 111.69 
Contact Ratio 1.55 1.54 1.52 1.51 1.43 
Torque (Nm) 302 


Speed (rpm) 1000 
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FIGURE 7.2 ANSYS FEA flow process (a) Involute profile of a spur gear, (b) Meshed 
segment of pinion and gear, (c) TARGET and CONTACT region on meshed gear pair, 
(d) Boundary conditions and loading on gear pair, (e) Sample stress contour of a gear pair. 


helical gear sets. In the next step, the models are assembled, constrained and applied 
with boundary conditions prior to frictional contact analysis via FEM. The analytical 
results of the test gears (m = 4.5) were used for comparison with FEM frictional 
results. 

The analysis results of the finite element method and the RomaxDESIGNER were 
then obtained and compared. Necessary improvements on the mesh refinement and 
solver settings were performed when the results did not converge and/or results were 
not within the allowable limits. The mesh refinement was performed and, based on 
the convergence test, a refined mesh was selected for further Finite Element Analyses. 
The effect of friction on contact stresses, along the contact path for spur and helical 
gears was evaluated and discussed. 


7.3 VALIDATION OF FRICTIONLESS SPUR AND HELICAL GEAR 
MODELS 


In this section, comparison of the tooth contact stresses obtained from the three-tooth 
section 3D model using ANSYS was done with the results obtained using AGMA 
standards. Equation 7.1 is recommended by the AGMA and the values of the param- 
eters used in this equation were selected appropriately. First, the spur gear model was 
analysed. The specifications of spur gear were referred to Table 7.1. 


04-191] a Sa Ji18x1x(0.93x1.2) 


0.02 x 0.0915 x 0.0803 | 0.95x 1.55 
=1210 MPa 


(7.2) 
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Detailed investigations on the effect of different helix angles on the tooth contact 
stress were then carried out. The analysis was extended to a 5-degree helical gear 
pair. The calculation of AGMA contact stress for the meshed 5-degree helical gear 
(specification in Table 7.1) is given below: 


cutu] iale, | co > | 


0.02 x 0.09184 x 0.0806 | 0.95 x 1.54 
= 1208 MPa 


Similarly, the contact stress calculations for 15-, 25- and 35-degree gear pairs are 
shown below; 


Oy =191 a cos!) 11 18x1x(0.93x1.2) 
0.02 x0.09472x 0.0806 | 0.95x 1.52 
=1165MPa 
oy =191 a cos23 |i 18x1x(0.93x1.2) 
0.02x0.10095x 0.0806 | 0.95x1.51 
=1071MPa 
oy =191 oe? 0555 [1 18x1x(0.93x1.2) 
0.02x0.11169x0.0806 | 0.95x 1.43 
= 961 MPa 


The calculation of the von Mises stresses at the contact region of gears for the 
above cases were repeated in ANSYS APDL. The FEA stress distribution results for 
the frictionless cases are summarized in Figure 7.3. The comparison of the AGMA 
results and the FEA results from ANSYS showed acceptable match. The results and 
the percentage differences between the two analyses approaches are included in 
Table 7.2. 

The maximum values of the tooth contact stress obtained by the ANSYS method 
were considered and presented. For the spur gear pair, the ANSYS results differed by 
1.0% of the values obtained by the AGMA. Similarly, for 5-, 15-, 25- and 35-degree 
helical gear pairs, the ANSYS results differed by 1.5%, 6.5%, 4.8% and 4.1%, 
respectively, of the values obtained by AGMA calculations. From these results, it was 
found that all cases gave a close approximation to the values obtained by the AGMA 
calculations. The observation in all the cases also shows that the AGMA stress values 
are greater than those obtained from the Finite Element Method. It can be justified 
that AGMA being the conservative method, which includes all types of corrective 
factors other than the friction factor, is expected to give higher stress values com- 
pared to FEM. Overall, in all of the cases of gear pairs, the FEM frictionless analysis 
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FIGURE 7.3  Frictionless contact von Mises stress distributions (a) Spur gear; (b) 5-degree 
helical gear; (c) 15-degree helical gear; (d) 25-degree helical gear; (e) 35-degree helical gear. 


TABLE 7.2 
Frictionless Contact Stress Comparison between AGMA and Finite Element 
Analysis 


Gear Contact Stress, MPa 


Percentage 
Gear Sets AGMA Calculated Results FEA (ANSYS) Results Difference (%) 
Spur gear 1210 1200 1.0 
5-degree helical gear 1208 1190 1.5 
15-degree helical gear 1165 1090 6.5 
25-degree helical gear 1071 1020 4.8 


35-degree helical gear 961 924 4.1 
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has shown a good agreement with the AGMA calculations. Hence, verifying the FE 
procedure of analysis. 


7.4 RESULTS AND DISCUSSION 


The validated FEM technique for frictionless conditions was further extended for 
analyzing the gears individually for spur and helical gear pairs with the inclusion of 
friction. In this section the results were evaluated with FEA and RomaxDESIGNER 
model for different gears. 


7.4.1 Spur GEAR ANALYSIS 


The static stress analysis was conducted on the spur gear models. The contact stress 
distributions of the spur gears for different friction coefficients are shown in Figures 
7.4-7.7. 

The maximum von Mises contact stress plot for different friction coefficients (0 to 
0.3), along the contact path is shown in Figure 7.7. The contact stresses increased 
significantly with increasing frictional coefficients. The spur gear analysis revealed 
that the contact stresses increased by around 15% for a rise of coefficient of friction 
from 0 to 0.3 at the pitch point contact. The normalized stress plot was used for spur 
and for other helical gears. The importance of using the normalized stress plot is to 
get the index factor at any point along the line of action and this factor can be multi- 
plied to other gear analysis to obtain the frictional contact stress rise. This normal- 
ized plot is a generalized form of gear contact stress. 
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FIGURE 7.4 von Mises stress distribution of spur gear pair for y = 0 case. 
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FIGURE 7.5 von Mises stress distribution of spur gear pair for u = 0.1 case. 
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FIGURE 7.6 von Mises stress distribution of spur gear pair for y = 0.2 case. 
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FIGURE 7.7 von Mises stress distribution of spur gear pair for y = 0.3 case. 


Figure 7.8 shows that the plots for different coefficients of friction are similar in 
pattern and are rising with increasing friction coefficient values. At first point of 
tooth contact (FPTC) the stresses were at a maximum because of the high stress con- 
centration at the contact tip. Furthermore, digging of tooth tip into the meshing tooth 
pair may take place. The increase in contact stresses due to friction was around 36% 
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FIGURE 7.8 Spur gear normalized stress plot along the contact path for different coefficient 


of friction. 
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due to high stress concentration at the FPTC. Tip reliefs can be provided on gear 
teeth to avoid this high-stress concentration zones during tip contact. Thereafter, the 
stresses were seen reduced until the highest point of single tooth contact (HPSTC) 
was reached. This decrease was because the stress concentration was reduced, and 
the contact stresses were distributed evenly over two teeth in contact. The stresses 
were then increased suddenly at HPSTC, as a single tooth comes into contact, taking 
the applied load fully. The straight-line plot was considered for spur gear to indicate 
the sudden rise at HPSTC and sudden drop at LPSTC. However, the standard consid- 
eration of maximum contact stress between contacting spur gears occurs at the pitch 
point contact (PPC) [12, 23, 24]. The results were in agreement with this statement, 
if the tip contact stresses were suppressed. Furthermore, the stresses reduced sud- 
denly when two teeth came back into contact, i.e. at the lowest point of single tooth 
contact (LPSTC). Here the stresses reduced drastically as the applied load was again 
shared by the two teeth in contact. The stresses were seen to reduce slowly thereafter 
until the last point of tooth contact (LPTC). The contact stress plots for the spur gear 
obtained along the line of contact showed an acceptable pattern with the literature 
[23-25]. Overall, the contact stress variation along the contact path for coefficient of 
friction from 0 to 0.3 was seen to be in the range of 12% to 36%. Excluding the tip 
contact variations, which can be suppressed (by using tip reliefs), the increase in 
contact stresses for spur gears can be derived. The analysis showed a rise in contact 
stresses of around 15%, which is a significant increase in stresses. 


7.4.2 HELICAL GEAR ANALYSIS 


Similar to the spur gear model above, Finite Element Models were generated and 
analysed for helical gears in order to compute the contact stresses along the contact 
path. The contact stresses along the line of action are presented in the sections below. 


7.4.2.1 Helical Gear Pair with 5-Degree Helix Angle 
The contact stress distributions for the few cases of the 5-degree helical gear for dif- 
ferent friction coefficients are shown in Figures 7.9-7.12. 

The maximum von Mises contact stress plots for 5-degree helical gear pair for 
different friction coefficients varying from 0 to 0.3, along the contact path is shown 
in Figure 7.13. All the plots show a similar trend, showing maximum contact stresses 
at the tip and root contacts. This trend of high stresses at the edges is again because 
of high stress concentration region at tip contacts. The stresses after the teeth tip 
contact reduced gradually by around 40% as the load applied was distributed among 
three contacting teeth. The contact stresses gradually increased as the contact was 
close to the pitch point contact. The maximum contact stress, apart from the tip and 
root contacts, can be seen close to the PPC. The 5-degree helical gear is similar to a 
spur gear, but for the 5-degree helical gear, the gear teeth are cut at an angle and thus 
single tooth contact may not occur. Also, we observed that there was no HPSTC and 
LPSTC characteristic points, i.e. because no single tooth contact occurs. The normal- 
ized stress plot shows that the contact stresses significantly increased with increasing 
frictional coefficients. The increase of contact stresses due to a rise in the coefficient 
of friction was in the range of 15 to 20% throughout the contact path, except for tip 
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FIGURE 7.9 von Mises stress distribution of 5-degree helical gear pair for y = 0 case. 
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FIGURE 7.10 von Mises stress distribution of 5-degree helical gear pair for y = 0.1 case. 
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FIGURE 7.11 von Mises stress distribution of 5-degree helical gear pair for y = 0.2 case. 
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FIGURE 7.12 von Mises stress distribution of 5-degree helical gear pair for y = 0.3 case. 
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FIGURE 7.13 Helical Gear Analysis (5-degree helical gear pair). 


contact. At FPTC (tip contact) the increase of stresses was around 46%, which was 
due to the frictional effects combined with high stress concentration reasons. The 
5-degree helical gear analysis revealed that the contact stresses on increased, on aver- 
age, by around 18% at PPC for a rise of coefficient of friction from 0 to 0.3. The 
contact stress increase is significant and cannot be considered as negligible. The 
stresses should decrease with an increasing helix angle, but since the frictional effects 
are more the overall stresses are seen increasing. 


7.4.2.2 Helical Gear Pair with 15-Degree Helix Angle 

The 15-degree helical gear model was generated, and static stress analysis followed. 
The contact stress distributions in the 15-degree helical gear for different friction 
coefficients are shown in Figures 7.14-7.17. 

The large tip contact stresses were also seen in 15-degree helical gear contact. The 
normalized contact stress plots for friction coefficients varying from O to 0.3 along 
the contact path are shown in Figure 7.18. The contact stress increase rate for gear 
pair with 15-degree helix angle is higher, in the range of 18 to 25% throughout the 
contact path. This shows that for helix angle of 15 degrees, the contacting area is 
producing higher frictional variations. The surface contact is more compared to spur 
and 5-degree helix angled gear, and the increased contacting area has produced 
higher sliding friction at PPC. The higher frictional contact area has increased the 
frictional contact stresses. The plot trend along the contact path is different from that 
of the spur gear pair, as there is no single gear tooth contact between these gear pairs. 
There are either two or three teeth in contact at all times and the stress patterns vary, 
with maximum von Mises stress shifted slightly away from the PPC. This might have 
occurred due to the non-uniform load distribution on gear teeth in contact. 

The 15-degree helical gear analysis revealed that the contact stresses increased by 
around 22% for a rise of coefficient of friction from 0 to 0.3. The rise of contact 
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FIGURE 7.14 von Mises stress distribution of 15-degree helical gear pair for q = 0 case. 
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FIGURE 7.15 von Mises stress distribution of 15-degree helical gear pair for y = 0.1 case. 


stresses by 22% is quite a substantial increase and needs to be incorporated during 
the contact stresses calculations (AGMA based calculations). Thus, a dimensionless 
factor needs to be developed, based on the effect of friction on contact gears. In turn, 
a function is also necessary to be developed, which can evaluate the percentage rise 
of stresses for a particular frictional coefficient acting on a pair of helical gear. 
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FIGURE 7.16 von Mises stress distribution of 15-degree helical gear pair for y = 0.2 case. 
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FIGURE 7.17 von Mises stress distribution of 15-degree helical gear pair for y = 0.3 case. 


7.4.2.3 Helical Gear Pair with 25-Degree Helix Angle 

The 25-degree helical gear pair was modelled similarly, and static stress analysis was 
conducted on the model. The contact stress distributions on the 25-degree helical 
gear for different friction coefficients are shown in Figures 7.19-7.22. 
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The provision of tip relief can optimize the high stress concentration distribution 
at the start and the end of tooth contact. The stress distribution along the contact for 
25-degree helical gear showed a similar stress flow pattern for different coefficients 
of friction. The contact stresses reduced after tip contact up to 15% for frictionless 
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FIGURE 7.18 Helical gear analysis (15-degree helical gear pair). 
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FIGURE 7.19 von Mises stress distribution of 25-degree helical gear pair for q = 0 case. 


Analysis of Frictional Stress Variations along Tooth Contact 131 


NODAL SOLUTION AN 


STEP=1 AUG 6 2015 
SUB =9 16:39:25 
TIME=S 
SEQV (AVG) 

=.109E-03 

=655320 

=.106E+10 


655320 "2362408 -4T1E+09 "707E+09 O "9426409 
-1182+09 -2542+09 -5892+09 -8252+09 „1062+10 


FIGURE 7.20 von Mises stress distribution of 25-degree helical gear pair for y = 0.1 case. 


NODAL SOLUTION 


STEP=1 AUG 6 2015 
SUB =4 17:42:30 
TIME=S 
SEQV (AVG) 

=.10SE-03 

=703526 

=.113E+10 


702526 -s0 y ~  LO0E+L0 
.277E+09 -879E+09 -1122+10 


FIGURE 7.21 von Mises stress distribution of 25-degree helical gear pair for y = 0.2 case. 
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FIGURE 7.22 von Mises stress distribution of 25-degree helical gear pair for y = 0.3 case. 


case, while for the frictional case of u = 0.3 it reduced by around 35%. This shows 
that the reduction in contact stresses is higher for the frictional case compared to that 
of the frictionless case. The normalised contact stress plots for friction coefficients 
varying from 0 to 0.3, along the contact path, are shown in Figure 7.23. The maxi- 
mum von Mises contact stress was seen close to the PPC region. The variation of 
contact stresses of 25-degree helical gear for different coefficient of friction is similar 
to that of 15-degree helical gear and the gears experienced two or three tooth in con- 
tact throughout the contact path. The 25-degree helical gear analysis revealed that the 
contact stresses increased by around 18% at PPC for a rise of coefficient of friction 
from 0 to 0.3. 


7.4.2.4 Helical Gear Pair with 35-Degree Helix Angle 
Finally, a 35-degree helical gear model was also generated using the same FE pro- 
cedure and static stress analysis was conducted on the gear pair model. The contact 
stress distributions on the 35-degree helical gear at pitch point contact with different 
coefficients of friction are represented in Figures 7.24-7.27. 

The normalised contact stress plots for friction coefficients varying from 0 to 0.3, 
along the contact path, are shown in Figure 7.28. The stress distribution flow for this 
gear pair is slightly random because of the high degree of helix angle. Thus, the nor- 
malised stresses along the gear contact path differed from the other discussed gear 
pairs. The contact stress flow along the gear contact path is similar for different 
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FIGURE 7.23 Helical gear analysis (25-degree helical gear pair). 
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FIGURE 7.24 von Mises stress distribution of 35-degree helical gear pair for y = 0 case. 


coefficients of friction and contact stresses significantly increased with the increas- 


ing frictional coefficients. 
The 35-degree helical gear analysis revealed that the contact stresses on an aver- 
age increased by around 18% at PPC as coefficient of friction increased from 0 value 
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FIGURE 7.25 von Mises stress distribution of 35-degree helical gear pair for u = 0.1 case. 
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FIGURE 7.26 von Mises stress distribution of 35-degree helical gear pair for y = 0.2 case. 
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FIGURE 7.28 Helical gear analysis (35-degree helical gear pair). 


to 0.3 value. The stress variation showed maximum contact stresses close to the pitch 
point region. The stress distribution along the contact path showed a different pattern 
when compared to the previously analysed gears. The contact stress increase rate in 
this set of gears was also more (approximately 18%) and there is a necessity to 
include the frictional effect into the contact stress calculations. As mentioned earlier, 
a dimensionless factor and a function to derive the factor need to be developed. The 
factor can then be incorporated in the contact stress calculations. 
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FIGURE 7.29  RomaxDESIGNER model based on the GDSTR gear setup. 


7.4.3 ROMAX ANALYSIS RESULTS OF THE SPUR AND 
HELICAL GEAR PAIRS 


The Romax stress analysis was carried out using the RomaxDESIGNER, shown 
in Figure 7.29. The Romax results of the spur, 5-degree, 15-degree, 25-degree and 
35-degree gear pairs for the torque of 302 Nm and at a speed of 1000 rpm are listed 
in Table 7.3. 


7.4.3.1 Romax Spur Gear Analysis 


The contact pattern obtained from RomaxDESIGNER for the gears above are shown 
and discussed below. Firstly, for the spur gear, the results obtained for the load case 
of 302 Nm is as shown in Figure 7.30. The high contact stresses obtained from 
RomaxDESIGNER are shown in the region between the HPSTC to LPSTC, which 
was obvious because single tooth contact occurs at the pitch point region and the 
maximum contact stress value was 1279 MPa. The other regions, FPTC to HPSTC 
and LPSTC to LPTC, have two teeth in contact and the load was shared among them, 
hence the contact stresses were lesser compared to the pitch point region. The spur 
gear has a line contact and is uniform along the face width, so we can see a uniform 
contact stress distribution along the face width. 


TABLE 7.3 
Romax Contact Stress Results for the Gear Pairs 


Maximum Contact 


Coefficient of Friction, Stress, MPa 


Gear Type p (from Romax Result) Romax Results 
Analysis of Gears Spur gear 0.094 1279 
5-degree helical gear 0.096 1260 
15-degree helical gear 0.095 1215 
25-degree helical gear 0.093 1092 
35-degree helical gear 0.090 1006 


a Ref. [22] 
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FIGURE 7.30 Contact stress pattern of spur gear pair obtained from RomaxDESIGNER. 


7.4.3.2 Romax 5-Degree Helical Gear Analysis 

The contact stress pattern of the 5-degree helical gear obtained from the 
RomaxDESIGNER is presented in Figure 7.31. The contact stress distribution 
showed a similar trend with that of the spur gear pair, but the stress variations 
were slightly inclined, due to the small helix angle. The maximum contact stress 
obtained for 302 Nm loading was 1260 MPa and was found at the pitch point con- 
tact region. There is no prominent single tooth contact in helical gears and hence 
we have two to three teeth contact pairs. Thus, the contact stresses are reduced in 
helical gears as the load getting shared among the contacting teeth. The contact 
stresses for the 5-degree helical gear pair were found to be in a higher range at 
the tip contacts, due to stress concentration and possible digging effect of tip into 
the corresponding gear flank. Optimal tip relief can be introduced to lower these 
unwanted contact stresses. 


7.4.3.3 Romax 15-Degree Helical Gear Analysis 

The contact stress contours obtained for the 15-degree helical gear pair from the 
RomaxDESIGNER are shown in Figure 7.32. The contact pattern showed that the 
highest contact stress obtained was 1215 MPa, for the 302 Nm load condition. There 
was no single tooth contact in 15-degree helical gears and hence we have two to three 
teeth contact pairs. Thus, the contact stresses were lower than the 5-degree helical 
gear pair as the load getting shared more among contacting teeth compared to the 
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FIGURE 7.31 Contact stress pattern of 5-degree helical gear pair obtained from 
RomaxDESIGNER. 
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FIGURE 7.32 Contact stress pattern of 15-degree helical gear pair obtained from 
RomaxDESIGNER. 
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5-degree helical gear. The stress distribution showed a slight shift of the maximum 
contact stress from the pitch point region. This similar shift was also seen in the 
finite element contact 2D stress plot along the path of contact (Figure 7.18). Hence, 
results from RomaxDESIGNER showed a close trend with the finite element results 
for 15-degree helical gear pair. The higher tip stresses can be resolved with optimal 
tip relief. 


7.4.3.4 Romax 25-Degree Helical Gear Analysis 


The Romax contact stress pattern for the load case of 302 Nm and 1000 rpm, for 
25-degree helical gear, is shown in Figure 7.33. The contact stress pattern showed 
that the maximum contact stress obtained was 1092 MPa and was found near the pitch 
point region. The contact stresses were less compared to previous helical gear pairs 
as the load was distributed more among contacting teeth compared to the 15-degree 
helical gear. The contact stress varied along the face width as the teeth gradually 
came in and went out of contact and was not uniform. The high tip contact stresses 
can be minimised by introducing a proper tip relief. The Romax contact stress trend 
for 25-degree helical gear pair along the contact point was close to the contact stress 
trend obtained from finite element method (Figure 7.23). 


7.4.3.5 Romax 35-Degree Helical Gear Analysis 


The contact stress pattern, obtained from Romax for 35-degree helical gear, is shown 
in Figure 7.34. The contact stress contour showed that the maximum contact stress 
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FIGURE 7.33 Contact stress pattern of 25-degree helical gear pair obtained from 
RomaxDESIGNER. 
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FIGURE 7.34 Contact stress pattern of 35-degree helical gear pair obtained from 
RomaxDESIGNER. 


varied differently compared to previous helical gear types. The maximum contact 
stress obtained from the RomaxDESIGNER software was 1006 MPa and was found 
at the edges of the tooth flank. The contact stress pattern was dispersed along the 
line of action. The Romax contact stress trend for 35-degree helical gear pair along 
the contact point resembled closely with the contact stress trend obtained from finite 
element method (Figure 7.28). 


7.4.4 OVERALL COMPARISON OF CONTACT STRESSES 


The AGMA results can only be calculated for the frictionless case, while the 
Finite Element Analysis results were found for frictionless and for different fric- 
tional cases. From Table 7.4, frictionless case results for all the simulating gear 
pairs of both AGMA and finite element have shown comparable precision, which 
proved that the finite element model to evaluate contact stresses in gears is reli- 
able. The validated finite element model was extended to frictional cases and has 
seen a rise in contact stresses with the increasing coefficient of friction. All the 
methods used to evaluate gear contact stresses have shown a consistent decline of 
contact stresses with increasing helix angle. The AGMA and Romax have shown 
results for particular cases, while FEM can be used to evaluate contact stresses at 
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TABLE 7.4 
Contact Stress Overall Comparison of Gears 


Contact Stress, MPa 


Gears Torque 302 Nm, Speed 1000 rpm 


Gear Type Coefficient of Friction Theoretical (AGMA) Finite Element (ANSYS)  Romax 


0 1200 
0.1 1260 

Spur 02 1210 1310 1279 
0.3 1390 
0 1190 
0.1 1230 

5-degree 02 1208 1270 1260 
0.3 1340 
0 1090 
0.1 1130 

15-degree 02 1165 1210 1215 
0.3 1330 
0 1020 
0.1 1060 

25-degree 02 1071 1130 1092 
0.3 1210 
0 924 
0.1 957 

35-degree 02 961 1050 1006 
0.3 1130 


different frictional cases and have shown consistent results. The FEM evaluated 
contact stresses have increased in a range of 15-22% with the increase in friction 
coefficient from 0 to 0.3. Also, the Romax results for the realistic gear contact 
condition (with real time friction) showed a good match with the finite element 
model results. 

The results obtained from the FE analysis for the same condition u = 0.1 was 
compared with that of Romax to check for the similarities. The stress distribution 
from the set of gears for u = 0.1 has been compared and listed in Table 7.4. The com- 
parison of both the results shows that the percentage variations between them are 
below 10%. Hence the finite element results are again verified by the Romax soft- 
ware simulations. 


7.5 CONCLUSIONS 


The FE simulations have been successfully validated with the available frictionless 
gear calculations. The validated FE methodology (with a new APDL involute profile 
program) were further extended for the present parametric studies. The contribution 
of the simulations and validations carried out have been explained well. Further, 
gear contact stress analyses, including friction were performed on spur and different 
helical gears, to understand the effect of friction and helix angle. RomaxDESIGNER 
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also used to model the experimental simulation-based results and compared with 


the FE results. 
Based on the study made on the different sets of gear pairs, the results obtained 
have been analysed and following conclusions are presented. 


1. Spur gear individual analysis showed the contact stress variations along the 


line of action, with 5 characteristic points, LPTC, HPSTC, PPC, LPSTC and 
LPTC as discussed. The tip relief at the start (FPTC) was suggested to avoid 
high stress concentration region and stress increase was limited to 15%. 


2. Helical gear individual analysis showed contact stress variations along the 


line of action, where HPSTC and LPSTC points are not visible due to the 
obvious reasons of 2—3 teeth are in contact always. However, tip relief was 
recommended to reduce the stress concentration and thereby the stresses by 
around 10% to 20%. 


3. For spur and different angled helical gear ranging between 0 to 35-degree, 


the individual analysis of different set of gears for increased frictional coef- 
ficients showed 15% to 22% rise in gear contact stresses. 


4. RomaxDESIGNER is a great tool to simulate the actual experimental gear 


pair and evaluate the contact stresses along the line of action and across the 
face width. 
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8.1 INTRODUCTION 


The hip joint is the articulation of the pelvis with the femur [1] and it is one of the 
most particular and essential joints in the human body [2] for its support function 
since the loads that hip joint suffers are very high [3]. It is no coincidence that it is 
subject, especially as it ages, to clinical diseases [4]. In fact, it is estimated that more 
than 1 million people per year in the worldwide undergo hip surgery [5] caused by 
pathologies, such as hip osteoarthritis [6, 7] (Figure 8.1). 

Total Hip Arthroplasty (THA) currently represents one of the best solutions to a 
great part of joint disorders; the term arthroplasty means the orthopedic surgical pro- 
cedure in which a certain joint is replaced [8] or rebuilt or even eliminated [9] to 
improve the standard of living of patients over the next 15-20 years [10]. This limit, 
whose reason originates mainly from implant integrity loosening and wear [11], is 
now object of studying and improving thanks to a better understanding and experi- 
ence of this field [12]. The goal is to avoid a future surgery replacement because it 1s 
risky and expensive [13]. 
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FIGURE 8.1 Hip osteoarthritis. 


The main elements of a total hip replacements (THR), can be summarized in 
Figure 8.2. 

The stem is fixed in the femur canal and a cup (liner), embedded in the acetabu- 
lar cavity of the pelvis [14] and covered with a shield (shell) in contact with the 
femoral head, connected to the superior part of the stem, 1.e., the neck of the 
prosthesis. 

Regarding materials, or rather biomaterials, i.e. [15], the first stems were made 
of stainless steel, which is no longer in use because of its poor biocompatibility. 
Titanium and its alloys (commercially, a+ titanium alloys, such as titanium- 
6Al-4 V) are the most commonly used alloys for stem. Titanium alloys are also 
chosen due to their low wear resistance and their high mechanical strength [16]. 
The choice of the head/cup materials depends on several factors [17, 18], including 
high biocompatibility, chemical (phase and microstructure composition), mechani- 
cal (yield strength, hardness, resistance to wear) and topographic (surface texture, 
roughness) properties and market demands (availability, price, reliability). 
Currently, several options are available to the surgeon when choosing the bearing 
surface in THA (i.e., ceramic-on-ceramic (CoC), ceramic-on-polyethylene (CoPE), 
metal-on-polyethylene (MoPE)), each with advantages and drawbacks. The most 
common material for acetabular liners is polyethylene (PE), either ultra-high 
molecular weight PE (UHMWPE) (the so-called ‘standard’ or ‘conventional’ PE) 
or cross-linked UHMWPE (XLPE), or ceramics or metal. The choice of polyethyl- 
ene as cup material comes from its high wear resistance [16]. In fact, the last can 
also determine the known osteolysis, which causes the destruction of bone tissue 
[19]. Although combinations such as MoM (metal on metal) or CoC (ceramic on 
ceramic) are very frequent because of their high hardness properties, wear resis- 
tance [20] and low friction coefficients [21], the current THA implants mainly use 
cross-linked Polyethylene plus Vitamin E which performs very well in the clinical 
practice. Wear and osteolysis are described as occurring mainly with conventional 
PE bearings associated with metal or ceramic heads (MoPE or CoPE). XLPE has 
been reported with less wear but also with a decrease in mechanical proprieties; 
ceramic-on-ceramic (CoC) is related to much less wear and the highest bio-tolera- 
bility but carries the risk of breakage and noise from the implant following 
arthroplasty. 
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Stem neck 


Stem 


FIGURE 8.2 Elements of a total hip replacement. 


Therefore, it can be seen that the choice of THR material is a difficult task, so that 
the investigation is aimed at new materials and design [22] such as polymeric com- 
posite material made of a biopolymeric matrix reinforced with fiberglass [23, 24]. 


8.2 THE SQUEAKING 


The potential complications that can be observed by using ceramic bearings is the 
possibility of some defects due to crack formation, although, with the last generation 
of ceramic materials [13], ceramic failure is hardly ever reported. Rather, some clini- 
cal studies report on the presence of audible noise in some ceramic-on-ceramic THA 
patients. The so-called “clicks” or “grinds” or “squeak” can be produced on THAs 
during the gait [25]. 

Although the exact etiology of squeaking is still debated in the scientific literature, 
it is common opinion that it is probably related to a complex tribomechanical phe- 
nomenon, also connected to the implant design. In this perspective, the phenomenon 
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of squeaking is inserted and defined as an audible sound pressure wave, if their fre- 
quencies are in the range of 20-20,000 Hz [26]. Further, it was noticed that the fre- 
quency of squeaking could provide information on the state of wear of the prosthesis 
and on the patient’s condition [27, 28]. So, a condition-based diagnostic system could 
be conceived to detect and prevent failures by regular check-ups of the state of the 
prothesis [29]. Certainly, it is not a trivial task because this noise generation is differ- 
ent from patient to patient and differs also from daily tasks. Several scientific works 
have quantified the incidence of squeaking for hard couplings of the order of 1-5% 
at 5 years and 10% between 6 months and 2 years after implantation for MoM and 
between 0.5% and 20% for CoC, higher than the previous for the design where the 
ceramic cup is inserted in a titanium liner: squeaking relates to the large rim. Instead, 
is about 11% for alumina-on-alumina. Besides, the cycle-life, is variable from 10 to 
25 years, according to age, gender, possible diseases, etc. [30-33]. 

The squeaking phenomenon is related to a complex of tribodynamic phenomena 
effecting the system dynamical stability. This is attributable to the friction interactions 
between contact bodies, and it is related not only to prothesis, but with many tribome- 
chanical couplings in the presence of friction [34], particularly in dry or limit lubrica- 
tion conditions, which conduct to friction-induced self-excited oscillations (vibrations 
induced by the interaction of all the elements inside the system). These oscillations 
happen in phenomena such as stick-slip between the femoral head and the acetabular 
cup surfaces [35-37], where the friction oscillates from static to kinetic respectively 
when the surfaces are not in relative motion (sticking phase) and are in relative motion 
(slipping phase) and in which the friction coefficient (CoF) reaches critical values 
[38-40], causing the presence of instability and, certainly, of squeaking (effect). 

One of the most common computational techniques for the assessment of the sta- 
bility of the hip motion is the complex eigenvalue method which considers the system 
eigenvalues and eigenvectors to reveal which of a system's vibration modes became 
unstable in certain contact conditions [2]. A coupling between two system vibrational 
modes can be favored by the decreasing in friction coefficient value [41, 42], which 
affects the system damping and stiffness matrices; if CoF varies with the sliding speed 
it may also affect the incidence of squeaking (negative friction-slope instability). 

It means that two vibrational modes, according to the system properties, becom- 
ing closer and closer in frequency, get coupled [43]. 

Assuming the i! eigenvalue of the system made of a real part and the imaginary 
one, the imaginary part of the eigenvalue furnishes the eigenfrequency of the mode 
while the real part represents the modal damping. The eigenvalues with positive real 
parts (negative modal damping) are identified as an unstable mode. For certain values 
of CoF, two system eigenvalues collide to a single value and then become with posi- 
tive real parts (negative modal damping), while the imaginary part of the collided 
eigenvalue splits in two, conducting to the unstable behavior of the system (coupling 
mode) [43]. 

This instability, also reported by Kang [44], depends not only on the friction coef- 
ficient, but also on the system’s operative conditions. Moreover, the contact area can 
cause instability [45], but this happens when the friction—velocity curve has a nega- 
tive slope, while in the opposite case, squeaking is not guaranteed [46, 47]. In any 
case, a relation between friction and noise can be found [48, 49]. 


Squeaking in Total Hip Arthroplasty 149 


Many variables influence the described phenomenon, such as the contact forces, 
and thus the contact area, the type of materials, the presence of wear and lubrication, 
and the contact surface topography. Generally, the larger the contact area, the higher 
the noise generation (if any) as well as the greater the surface roughness. These gen- 
eral literature results should be transferred to “squeak” phenomena in hip joints, 
where other factors can determine squeaking [50], even if aspects, such as the 
patients’ characteristics and prostheses orientations, should also be considered. 

In particular, the first factor is at a clinical level, where variables such as obesity 
and body mass index [51, 52], lifestyles (e.g., intense physical activity) and body 
structure [53-56] could influence the phenomenon, for example ligamentous laxity 
that is related to rim impingement [57]. In any case, proofs are currently being made 
of this and more investigations are required. Similarly, prosthesis orientation (acetab- 
ular position, tilt and anteversion angles) could have an impact on squeaking [58, 
59]. 

In particular, the anteversion and the inclination of the acetabular part might be 
linked with squeaking because it could determine impingement and edge-loading. 
Hence, the position of the prothesis should follow this rule for head diameter more 
than 32 mm: cup inclination of 45° and the sum of the cup anteversion plus 0.7 times 
the stem ante torsion equals 42° [60]. In addition, both the diameter of the neck and 
the hip center medialization are also key variables [2]. 

The term “might” underlines, instead, that other studies stated the absence of cor- 
relation between these variables, but, in any case, every consideration depends on the 
patient and his conditions. 

The design impacts [61, 62] on the natural prosthesis’ vibrational frequencies: the 
larger prosthesis (in terms of head diameter) present lower frequencies and they more 
easily generate squeaking [63]; secondly, radial clearance between the inner surface 
of the acetabular cup and the outer surface of the femoral head plays a key role on 
pressure and deformation values during walking [64]: the higher the clearance, the 
higher the pressure, because of the modification of the contact distribution. The 
choice of materials is as crucial as implant design with regard to the generation of 
squeaking, as demonstrated in the investigation by Ecker et al. [65]. About that, the 
optimal design, as in many engineering applications, is almost impossible to achieve. 
Firstly, the word optimal should be referred to the single patient rather than just in 
general: for instance, the long neck allows a higher degree of motion, but they are 
more sensitive to squeak. In addition, problems like laxity or other clinical aspects 
can favor the use of ceramic insert as protection with its disadvantages (the diffusion 
of metal debris). Consequently, each choice comes from a specific and accurate 
trade-off. 

Moreover, several studies confirmed that the three main mechanisms of prosthetic 
wear, defined as the loss of material from prosthesis due to the contact between sur- 
faces [66], are adhesive, abrasive and fatigue cycle. Unfortunately, they are not 
exclusive, but they can take place at the same time [67]. Many variables contribute to 
the development of wear such as head size, third body debris [68], the kind of mate- 
rial, but, also, age, activity level [69], prosthesis design [70], type of synovial lubrica- 
tion [71-73]) (boundary, mixed hydrodynamic/elastohydrodynamic). Moreover, the 
latter could favor, in some kinematic/dynamic joint condition, the synovial film 
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rupture with the increasing of friction forces and then the possibility of squeaking 
phenomena. In any case, the theme of wear, characterized by several particles of 
varying shape, size and composition, is crucial because it could be one of the causes 
of the failure [74, 75] and diseases like osteolysis [76, 77] since this debris stimulates 
a foreign-body response, resulting in bone loss [78]; definitively, it has been accepted 
that wear is associated with squeaking [79-82]. 

Of course, wear is strictly connected to the lubrication mode. It is therefore essen- 
tial that the hip replacement is lubricated both for a long-term reliability [83] and for 
decreasing the friction coefficients of the tribosystem to avoid squeaking phenom- 
ena. This is guaranteed by the presence of synovial fluid, a viscous liquid which is 
produced by the synovial membrane. Its main limitation is protein degradation, being 
the fluid composed of glycoproteins, so it has been suggested to investigate alterna- 
tive bio lubricants [84]. 

In the end, all these factors (clinical level, prothesis design, materials, patient 
conditions, friction, lubrication) could represent, whether simultaneously or not, 
the causes of problems during a hip joint’s life cycle. The potential effects might be 
not only the squeaking, but also wear, failure of the prothesis, diseases such as 
osteolysis, etc. 


8.3 SQUEAKING INVESTIGATIONS METHODS 


Previously, it has been noted that the natural frequencies of the system could possibly 
correlate to squeaking. The four parts of the hip replacement have different eigenfre- 
quencies: shells range between 4.3 kHz and 9.2 kHz, liners above 16 kHz, the femo- 
ral heads above 20 kHz while the stem is between 2 and 20 kHz. So, the shell, and in 
particular the stem, have frequencies low enough to generate sound pressure waves 
perceptible by the human auditory system. Obviously, the value reached depends on 
the system and on the conditions explained before. In literature, different approaches 
are recognized to the study of the behavior of prostheses and its squeaking: in-vivo 
[63, 85, 86] by using specific sensors, in-vitro techniques by using hydraulic or elec- 
tromechanical machines, known as Hip Simulation Machines [87-90] and computa- 
tional methods such as Finite Element Analysis (FEA) [62, 91, 92]. 

For this reason, it could be useful to run a modal analysis of the hip implant, to 
study those vibration frequencies that could be linked to squeaking. This analysis 
could be performed on multi-physics software where a modal analysis could be real- 
ized with a finite element model, modelling the contact forces of the considered hip 
replacement prothesis and eventually a fluid simulation of the synovial interface, 
since the fluid stresses are involved in the problem. The above approach needs the 
knowledge of the prostheses’ kinematics and load conditions during the gait as inves- 
tigated by Kang [93], who analyzed the stability of the hip joint system in full lubri- 
cation regime (constant CoF) and in mixed lubrication conditions (negative slope 
CoF). Kang found that in the case of full lubrication the system becomes dynami- 
cally only when the hip extended, making tilting angle between the axis of reaction 
force and the hip joint angle a key parameter for the onset of hip squeak, while in the 
case of mixed lubrication mode, due to the friction coefficient increasing in 
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decreasing the sliding speed, the system was dynamically unstable over the entire 
gait cycle and the unstable bending frequency changes. Hence, kinematics parame- 
ters variation during the gait [94] joined to lubrication phenomena for the hip squeak- 
ing generation. 


8.3.1 FINITE ELEMENT ANALYSIS 


Today, Finite Element Analysis (FEA) is very common in the tribology field and 
in prosthesis calculations [95, 96]. The study of the eigenvalues by conducting a 
numerical modal analysis allows to determine the eigenfrequencies for each mode as 
criteria for stability and squeaking. 

The finite element method operates by decomposing the complex and continuous 
domain of the system into a set of numerous subdomains of variable geometric nature 
(finite elements) and into a set of points (nodes), solving them and reassembling the 
entire prostheses domain solutions. 

The resulting system is no longer continuous; it is now discrete with finite degrees 
of freedom constituted by finite elements (triangles, squares) first, and then to nodes 
(points) [97]. The relationship between the finite element and nodes is expressed by 
shape functions which link the displacement of a generic point inside the finite ele- 
ment as a function of nodal displacements. 

In particular, the shape function can be evaluated by different methods such as 
polynomial series (the largest used), Lagrange, and Hermite series [98]. 

The choice of the shape function (one-, two- or three-dimensional) depends on the 
kind of finite element considered for the specific problem, geometry, and properties. 

After the evaluation of the shape function, it is possible to define the general 
motion equations that will be considered in squeaking analysis in the form: 


|M, Jii+[C, Jú+[ K, Ju=F, (8.1) 


Where [M], [C] e [K] are the matrices of mass, damping, and stiffness, with the sub- 
script £ to underline the whole of the finite elements. 

The expansion of the [M], [C], [K] matrices and the F vector, which contains the 
concentrated and distributed loads components, deriving also from head/cup contact 
conditions (frictional), from the local dimension, relating only to the degrees of free- 
dom of the finite element, to the global one, connected to all the degrees of freedom 
of the prostheses, is required. An assembly operation is needed: all the terms corre- 
sponded to the single node d.o.f are summed. 

It is worthwhile emphasising that due to friction within the contact area the stiff- 
ness matrix has specific properties connected both to the structural stiffness matrix 
and to the asymmetrical friction induced stiffness matrix [2]. In this way the head/ 
cup CoF variation could induce a modification of the stiffness and damping matrices 
and then drive the dynamical instability phenomena. 

Equation (8.1) is valid until the linear regime, which can be hypothesized but not 
always guaranteed in prosthesis dynamical analysis. 
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In general, the non-linearities could derive from: 


1. Material behavior (plastic deformation) 
2. No small-displacements analysis (theory of small deformations not satisfied) 
3. Constraints conditions (backlashes). 


In these cases, the computational complexity increases, and numerical algorithms are 
required to solve structural and dynamical problems. 

From an operating point of view, Finite Element Analysis involves five main steps 
[99] that will be described with reference to the topic: 


Materials definition 

Prostheses are usually analyzed as homogeneous bodies, isotropic and linear- 

elastic behavior. A further variable is the temperature that is set at 25°C (envi- 

ronmental) or 37°C (body). The second is preferred because it is closer to the 

behavior of the body. 

Geometry definition 

It is the phase of translation of the body into dimensional sizes [100]. The geo- 

metric model is a set of equations in which some variables are defined. 

Nowadays, all simulation systems require CAD modeling, and they are increas- 

ingly advanced in features (Figure 8.3). In the case of the prosthesis, for con- 

vergence problems, stem and cup are often simplified as cylinders [2]. 

Meshing 

This regards the type of mesh to adopt. The choice of mesh is always crucial 

for a finite element approach as its quality influences the final solution. It can 

be evaluated mainly by [101, 102]: 

a. Skewness = measure of the deviation of a cell from the ideal one (opti- 
mal value = 0). 

b. Smoothness = size variation between adjacent cells (should be gradual). 

c. Aspect ratio = ratio of longest and shortest edge (optimal value = 1). 


In the case of prostheses, an 8-noded hexahedral element mesh [2] is preferred, 
since the analyses made with these elements are more precise, especially 
regarding deformation tests. 


FIGURE 8.3 Example of a 3D prosthesis finite elements model. 
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e Boundary Conditions 

Boundary conditions, like forces, pressures, or displacements, fixed or variable 
over time, and any translation or rotation constraints in the three directions x, 
y, z have to be imposed. In general, all variables that can affect the body and its 
interactions with other objects or with the external environment are inserted. 
For prostheses, the force components are introduced on the stem and rotations 
on the head, usually considering the gait cycle [35, 72, 73, 94, 103, 104] as 
represented in Figure 8.4, and the total reaction force which determines the 
contact pressure values and friction stress matrix. Additional constraints, such 
as contact conditions, can be added to the model. 


The required calculation time depends mainly on the number of elements and nodes 
of the mesh, and on the complexity of the problem in terms of the number of the 
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FIGURE 8.4 Hip loading and motion during a gait cycle [73]. 
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desired vibration modes. About that, standard EN 1998-1 states that this number 
must be such that the sum of the modal masses is at least 90% of the total mass of the 
object. 

The main output are definitely the modes of vibration of the THR, identifying the 
unstable ones. 


8.3.2 IN-VIVO AND IN-VITRO EXPERIMENTS 


By these approaches, analyses are done directly on the real prosthesis. In-vivo tech- 
niques act directly on the patient (clinical approach) to which very precise sensors of 
acoustic emissions are connected [105]. They have the goal to capture the vibrations 
of the prosthesis during daily movements such as getting up, sitting. walking etc. 
The signal is then processed and filtered before being acquired. In-vitro tech- 
niques [106], on the other hand, have an effect only on the prosthesis and not on the 
patient. In particular, they are characterized by experimental layouts (Figure 8.5a) 
involving the use of transducers such as accelerometers to measure the signal, shak- 
ers for exciting the prothesis, analysers and amplifiers to extract data from the 
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FIGURE 8.5 (a) Experimental modal analysis setup (b) Example of an experimental layout. 
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FIGURE 8.6 A schematization of a station of a typical hip joint simulator. 


obtained signal and a control to monitor all the operations (Figure 8.5b), or by hip 
joint simulators (Figure 8.6). 

The analyzed THR configuration can be free or constrained, whereas excitation 
can be obtained by contact (mechanical), or no-contact shakers (electrical) and it can 
be periodic, random, or impulsive. In any case, it is important to control the experi- 
ment, especially considering other external factors that could distort the acquired 
signals. 


8.4 LITERATURE OVERVIEW ON SQUEAKING 


Several researches provided the values of squeaking frequencies of investigated hip 
prosthesis. Obviously, each result depends on the hypotheses used by the researchers, 
but the differences are quite low. In Table 8.1, various outcomes are summarized in 
terms of prostheses type and unstable frequencies found. They were listed in order of 
time to emphasize, ahead in time, the use of more powerful and complex techniques. 
Indeed, the models or the algorithm proposed, year by year, involved more and more 
aspects and complexity in order to move closer to reality. 


More in detail: 
Walter et al. (2008) [88], after a review about this field, confirmed that factors such 
as age, weight, height, and position of the prothesis are potential causes of squeaking 
(as discussed in chapter 1), evaluated by a boxplot. Also, by a FEM analysis, they 
discovered an audible squeak for a mismatch between shell and liner. According to 
them, the origin of squeaking derives from high friction values and happens only for 
metallic parts and not for ceramics due mainly to edge loading. In conclusion other 
influences exist for example the control of surgeon and the surgery. 

Sariali et al. (2009) [109] analyzed, in a lubrication regime, by the use of a hip 
simulator, the friction coefficient in particular conditions of load and motion. 
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TABLE 8.1 

Squeaking Unstable Frequencies for Different Cases 

Author Unstable Frequency (Hz) Approach Material 
Piriou et al. [61] 2790 Numerical/experimental/clinical CoC 

Fan et al. [103] 3177 Numerical CoC 
Ouenzerfi et al. [107] 1759 Numerical/experimental/clinical CoC 
Walter et al. [88] 1546 Numerical CoC 
Hothan et al. [108] 3159 Numerical/experimental CoC 
Sariali et al. [85] 1450-2240 Clinical/experimental CoC 
Sariali et al. [109] 2600 Clinical/Experimental CoC 
Askari et al. [110] 1700 Numerical CoC 
Currier et al. [86] 1540-2400 Clinical/experimental CoC 
Weiss et al. [21] 3400 Experimental CoC 
Rodgers et al. [105] 2000-5000 Clinical/Experimental CoC-MoM 
Kang [47, 93, 111] 2000 Numerical/Experimental MoC 
Fitzpatrick et al. [112] 1000-4000 Clinical/Experimental CoC-MoM 
Sariali et al. [113] 2200-2600 Clinical/ Experimental CoC 
Askari et al. [114] 2600-3000 Numerical CoC 


Successively, they run tests positioning a third body made of alumina between head 
and cup, noticing that this had increased about 26 times friction and had caused 
squeaking. This underlines the importance of lubrication for preventing the develop- 
ment of wear, regarding not only squeaking problem but in general for the life cycle 
of a hip joint. Other remarkable results are linked to a high abduction that generates 
high wear. 

Currier et al. (2010) [86] observed, by a clinical and experimental approach, that 
squeaking happens over a range of frequencies, far lower than natural ones. This 
entails that this phenomenon is caused not by natural frequencies but by other factors 
such as the rolling/sliding mechanism. This is a different point of view where the 
attention is now focused on the motion of the hip prothesis and not on its mechanical 
and geometrical characteristics. With regard to this, they stated the relation with hip 
rotation speed and friction in the range of 0.06-0.18. Moreover, the latter is indepen- 
dent of the force since squeaking happens in both light and heavy patients. This state- 
ment is, actually, strongly discussed because of other opposite results. Finally, this 
study did not consider a numerical simulation whose results conflict with it. 

Hothan et al. (2011) [108] investigated the influence of component design on 
squeaking and its frequencies through the adoption of a numerical and experimental 
approach. Their idea was to analyze the prothesis geometrically by varying the 
dimensions of the cup and the stem as well as the position. They found that these 
factors play a key role for squeaking (friction rising due to a metal transfer or wear), 
whereas the head does not influence observed squeaking and so can be considered to 
be rigid bodies. With regard to the contact, a high load influences squeaking in con- 
trast to the bearing clearance. Finally, they stated that squeaking happens only when 
the friction reaches a critical value because in this way the energy given to the stem 
is enough to produce audible vibrations. Hence, the aim is to control friction coeffi- 
cient under precise levels. 
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Weiss et al. (2012) [21], studied squeaking, reconsidering the kinematics of the 
coupling. As discussed before, during the gait cycle, the load and the rotation vectors 
change. Secondly, they found, experimentally, that the rotational component had 
determined the presence of squeaking. In particular, the friction induced whirl vibra- 
tion derived from a motion resulting elliptical. This statement is a novelty in the 
squeaking field because vibrations were previously associated with a one-dimen- 
sional character. Weiss et al. instead identified two stem bending modes, leading to a 
new view of THA. Consequently, the mathematical description of the model is a 
fundamental aspect in order to discover the exact behavior of the prothesis. 

Fan et al. (2012) [103], who confirmed Hothan et al.’s [108] statement about the 
critical friction coefficient limit value (u = 0.15 in this study) by a FEM model. In 
addition, they proposed a valid alternative to contrast squeaking: the first by adding 
damping material (UHMWPE), the second by imposing a reasonable stiffness on 
acetabular components. The scope is to increase friction coefficient so that, also the 
stability of the hip joint increases. 

In the same year, again Sariali et al. (2012) [85], by comparing in-vivo and in-vitro 
experiments, discovered an intermittent squeaking (rising from a bent position) with 
a lower fundamental frequency (1450 Hz) compared to the walking squeakers (2240 
Hz) that suggested the presence of two kind of squeaking. The interesting aspect of 
their work was the consideration of lubrication in both tests: in this way the experi- 
ments simulate a behavior more likely close to reality in contrast to other investiga- 
tions made in dry regime (for instance numerical ones). 

Askari et al. (2014) [110] proposed a multibody system (that is, a valid alternative 
to FEM approach for force modelling) combined with a FFT analysis (for audible 
sounds analysis) to investigate hip squeaking. Variables such as hip size and implan- 
tation and friction were discussed. In particular, they stated the relation between size 
and squeaking frequencies: the lower the size, the higher the frequency (as stated 
earlier). Head angular speed, stick-slip phenomena, and force changes caused vibra- 
tion in the femoral head and thus squeaking, in contrast to the initial position that did 
not have a great impact. 

In the same year, again Askari et al. [114] developed a detailed spatial multibody 
dynamic model, obtained by a combination of Hertzian theory and friction-velocity 
law, analyzing the gait cycle in three-dimensional motion. Several common causes of 
squeaking were deducted, including implant size, friction-induced vibration, and so 
on. The interesting aspect is the comparison between vibration amplitude in three 
axes: it was observed that along the internal-external axis rotation is very small in 
respect to the others. Hence vibrations should be investigated in all possible 
directions. 

Rodgers et al. (2014) [105] compared experimental (by automated robot) and 
clinical (by a set of four ultrasonic sensors) testing on total hip replacement implants 
to classify any differences. Precisely, the in-vivo measurements are made before the 
revision surgery while the in-vitro measurements after (stem and shell were not 
replaced). The results showed a strong similarity between the two approaches about 
the characteristic frequencies, indicating that tissue attenuation decreased signal 
magnitude, but not the period shifting of signals. Anyway, the investigation was 
related to a single patient and, therefore, not statistically significant. Finally, the 
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article underlines that the occurrence of squeaking, although it could not lead to dan- 
gerous consequences, represents a condition of discomfort to patients causing diffi- 
culties in the daily life. This factor must be considered as well as clinical problems. 

Ouenzerfi et al. (2015) [107] confirmed the previous statements by numerical, in- 
vivo and experimental approaches. In addition, they investigated the cause of squeak- 
ing and stated that it could be generated by the coupling of two modes of vibration 
under frictional contact. In addition, the friction coefficient has a relevant impact on 
stability (high values generate squeaking). As Fan [103], Ouenzerfi et al. also faced 
the problem of reducing squeaking, but they proposed, apart from the design and the 
materials, a clinical solution by minimizing factors or situations that could generate 
squeaking (for instance, edge-loading). Finally, a mismatching between simulation 
and in-vivo experiments was found due to anatomy of the human body not consid- 
ered during simulation. 

Piriou et al. (2016) [61] provided a FEM model and compared it with experiments 
and in-vivo to find any differences. The material used was ceramic for the head and 
cup, titanium for the stem, and no lubrication was considered (this is not an unrealis- 
tic scenario because it may simulate the destruction of synovial fluid). Because of the 
low discrepancy between the results, the model results proved reliable. Finally, an 
unstable vibration of the stem, due to an increasing friction force, caused squeaking 
with a mean frequency of 2790 Hz. The authors underlined one of the most important 
advantages of FEM simulation (apart from its reliability): the possibility to modify in 
real time the boundary conditions or the material properties in order to find the best 
configuration for the case study. 

Kang (2017) [111] realized a finite element algorithm to investigate hip squeak 
re-modelling the contact kinematics (Hertz theory and Coulomb law) analytically, 
together with a mode discretization, and compared the results obtained from a non- 
linear (as told before linearity is not always guaranteed) transient analysis with those 
obtained experimentally. He found that tilt angles increase the positive real part and 
so determines squeaking (according to his study the design and implantation are 
considerable). The same effect is determined by rotating the direction of the stem 
and, of course, by the friction coefficient (stick-slip phenomenon). The comparison 
with experiments confirms that FE algorithm is reliable, and it can be used for other 
tests in the future. 

Fitzpatrick et al. (2017) [112] developed an acoustic emission prototype and used 
it to test 90 patients with different age and implant conditions. In particular, the study 
found that the instrument can detect any relevant sound, squeaking included. Anyway, 
in order to validate the outcomes, they also used an experimental approach. The natu- 
ral frequencies were very similar, so that the authors have proposed the tool as a 
future diagnostic device. In more detail, they proposed a diagnostic procedure to find 
any problems in hip joints. This is an interesting look in the future where more and 
more precise machines will be in action. 

Finally, Sariali et al. (2018) [113] reported an in-vitro lubricated test and com- 
pared it with in-vivo experiments. For each approach, the impact of edge loading was 
irrelevant for squeaking, which was different from the addition of an alumina ceramic 
third-body particle in the contact head-cup. In any case, during in-vitro tests, squeak- 
ing was intermittent. On the other hand, in in-vivo tests, the squeak frequencies were 
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lower, because of the potential dampening effect of soft tissue. Hence the anatomy of 
our body can facilitate or not (as in this case) the occurrence of squeaking. 

Overall, during these 15 years, the procedure (numerical as FEM, clinic directly 
applied to the patient and experimental by appropriate instruments) has changed 
from study to study, and, accordingly, the squeaking frequencies have varied, mainly, 
in the range 2-4 Hz. The differences are very low, demonstrating that today the high- 
tech software, as well as the instruments adopted, are valid choices for investigating 
squeaking or other phenomena. However, any discrepancies are present and derived 
from the procedure applied, the characteristics of the materials and other variables 
such as the coefficient of friction, orientation, the position of the prosthesis and the 
clinical condition of the patient. About materials the works always provide a hard 
coupling, metal, or ceramic, and not plastic. This confirms the tendency to prefer 
hard materials than soft ones. Moreover, many of the projects tried to understand 
which variables have an impact on squeaking, and to what extent they do so. Most of 
the works confirmed that friction is the main cause of squeaking, and this is an essen- 
tial statement for future directions. The other factors discussed before such as implan- 
tation or material are common reasons of squeaking, but not in every study. 
Furthermore, sometimes two or three methods, have been compared, to secure more 
answers about instable frequencies. The comparison showed a good agreement, and 
it is necessary to validate the model. Lastly, the possibility to contrast squeaking is as 
important as its investigation. Several options are suggested as well, as indicated by 
Fan et al. [103] or by Ouenzerfi et al. [107]. 

In particular, FEM provided results quite similar to the experiments as confirmed 
by Piriou [61] and Walter [88], justifying its common use among scientists. Probably 
its main limitation is the impossibility to simulate synovial lubrication regimes and 
to consider human body anatomy. 


8.5 CONCLUSIONS AND RESEARCH DIRECTIONS 


The aim of this scoping review on the THR squeaking was to examine how research is 
conducted on this topic, highlighting the theoretical key concepts and the approaches 
used in squeaking analysis, so as to identify knowledge gaps and research directions. 

The analysis of the scientific framework allows us to conclude that the phenome- 
non of squeaking in hip prostheses is certainly influenced by the vibrating modes of 
the prostheses. It has been demonstrated that squeaking is linked to the articulation 
of the femoral head and cup and that high friction could induce vibrations. Each of 
the four parts of the hip replacement have different eigenfrequencies: shells range 
between 4.3 kHz and 9.2 kHz; liners above 16 kHz; the femoral heads above 20 kHz; 
while the stem is between 2 and 20 kHz. So, the shell, and in particular the stem, has 
frequencies low enough to generate sound pressures audible by humans, and for this 
reason could be a major cause in noise generation. For this reason, it could be useful 
to run a modal analysis of the hip implant, in order to study those vibration frequen- 
cies that could be linked to squeaking. 

Finite Element Models provide a reliable tool for squeaking analysis allowing the 
modal analysis of the system, which permits us to understand its vibrational proper- 
ties in the frequency domain. Finite Element Analysis allows the evaluation of the 
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eigenfrequencies of the system and its mode shapes, only requiring the evaluation of 
the mass and stiffness matrix of the investigated prosthesis. 

The calculated frequencies are all in the order of kilohertz and are lightly influ- 
enced by the adopted materials; thus, similar behavior can be expected for similar 
prostheses. 

However, future developments are required to consider more a more detailed 
model considering the non-linear hip contact forces and the effect of the synovial 
lubricating interface, to better investigate the relation between friction phenomena 
and squeaking in more approximate models. 

Finally, although many results and relations between key variables have been 
already found, more research is required to validate the proposed theories and stud- 
ies; for instance, the impact of wear on squeaking, or the possibility to use more 
suitable materials in terms of stiffness and structural dampening, or the development 
of innovative numerical models considering the effect of the synovial lubrication 
effects during daily activities. Moreover, the investigation can be driven to study 
contact models, from a microscopical point of view, considering the complex topog- 
raphy of the contact surfaces. The impact of other variables such as temperature, and 
its connection to friction, could be interesting to explore. Finally, innovative models, 
based on the energy analysis of friction-induced vibrations, could be adopted for a 
more and more approximate THR dynamical models. 
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9.1 INTRODUCTION: THE BIOTRIBOLOGY OF THE HUMAN 
ARTICULATIONS 


The biotribology is a branch of the biomechanics which applies the notions of the 
tribology to biological environments. In the case of human articulations, the biotri- 
bological properties of the joints belonging to a musculoskeletal system play a key 
role in terms of functionality, stability and mobility of the whole system, since an 
articulation linking two moving bones has to guarantee load capacity and wide range 
of motion. 

The human articulations are essentially composed by the cartilage, which is a 
deformable, porous connective tissue. The presence of cells called chondrocytes 
within the cartilage is responsible for the production of collagen fibers, which are 
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FIGURE 9.1 The human articulations classes. 


filamentous proteins characterized by high resistance to tensile stresses along the 
fibrils. 

Three classes of human articulations (Figure 9.1) are distinguished in dependence 
on the density of the collagen fibers and on their orientation with respect to the sur- 
faces of the linked bones: 


e the fibrous joints, that is the fixed ones, since they present a very high den- 
sity of collagen fibers oriented orthogonally with respect to the linked bony 
surfaces, in order to prevent the relative motion between the coupled bones 
(e.g., the sutures between the skull’s bones); 

e the cartilaginous joints, which allow a limited range of motion, are charac- 
terized by an intermediate configuration of the collagen fibers between the 
fibrous joint and the next one (e.g., the intervertebral discs); 

e the synovial joints, which permit the widest range of motion thanks to the 
parallel orientation of the collagen fibers with respect to the articulated sur- 
faces and to the presence of the synovial cavity separating the bones which 
are joined by ligaments (e.g., the shoulder, the elbow, the wrist, the hip, the 
knee, the ankle, etc.). 


The synovial joint is the most interesting from a tribological point of view among 
the human articulations because of the synovial cavity [1]. Initially, the cartilage 
covering the extremities of the bones linked by a synovial joint presents a layered 
structure (Figure 9.2): in the superficial zone, towards the cavity, the collagen fibers 
are arranged in parallel direction with respect to the surface, in order to absorb the 
shear stresses generated by the surfaces’ relative sliding motion; then, going down 
along the cartilage thickness towards the bone, the collagen fibers’ density increases 
and their orientation tilts to become orthogonal with respect to the close bony sur- 
face (in this deep zone the calcification occurs, locating the transition zone from the 
cartilage to the bone). 

The synovial cavity is surrounded by a synovial membrane which supplies the 
natural lubricant of the articulation, called the synovial fluid, and provides to the 
ejection of undesired products in the cavity. The synovial fluid is substantially made 
of blood plasma, hyaluronic acid macromolecules and lubricin proteins: it is the main 
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FIGURE 9.2 Layered structure of the cartilage. 
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component responsible of the tribologically optimal behaviour of the synovial articu- 
lation, which allows to perform a wide motion with a very low friction coefficient. 

The synovial joint configuration constitutes a very effective tribo-system in which 
several complex lubrication modes combine in space and time [1, 2] (Figure 9.3). In 
particular, the classical full film lubrication and the boundary one can be 
distinguished: 


* the hydrodynamic lubrication belongs to the full film category and it occurs 
when the bearing load is caused by the relative motion of the articulated sur- 
faces, which can be the sliding (relative motion lying in the contact plane, 
when the surfaces constitute a converging duct along the motion direction) 
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and the squeeze (relative motion orthogonal to the contact plane, when the 
surfaces approach towards each other); 

e the elasto-hydrodynamic lubrication occurs when the synovial fluid pres- 
sure within the gap becomes so high that it deforms the cartilage surfaces, 
in order to completely separate them with a very thin lubricant film; 

e the mixed lubrication is a boundary lubrication mechanism in which the 
too high load doesn’t allow a separation of the surfaces with a full lubricant 
film, so it is supported by both lubricated areas and asperities in contact (the 
asperities are not in a direct contact thanks to the lubricin, which sticks to 
the cartilage surfaces creating an ultrathin layer that drastically reduces the 
friction); 

e the boosted lubrication is a boundary lubrication mode characterized by 
high squeeze motion that constrains the synovial fluid to be filtrated through 
the porous cartilage matrix, inside which the hyaluronic acid macromol- 
ecules react with the collagen fibers, forming a gel that is exudated during 
the next weeping phase, in order to coat the surface increasing the lubrica- 
tion effect. 


Mainly due to aging, the cartilage of the synovial articulation tends to deteriorate, so 
the direct bone-to-bone contact can occur, causing the bone deformation and wear 
which provokes instability, pain and tissue inflammation. When the cartilage’s con- 
sumption becomes critical, often a surgical replacement procedure is needed: the 
worn synovial joint is removed and replaced with an artificial implant by preserving 
the synovial cavity, i.e., the prosthetic joint [3, 4, 5] (Figure 9.4). The prosthesis has 
to guarantee the biocompatibility, the full mobility of the articulation, the load capac- 
ity, the stability and its fixation; at the same time it has to be characterized by low 
friction and low wear rate in order to ensure its high duration (attempting to avoid the 
revision procedures which are often required). 

Then, the design of an artificial joint has to be conducted by taking into account a 
detailed tribological analysis able to predict the loss of material from the prosthesis 
for a certain kinematics and loading condition. There are two general ways to per- 
form a tribological characterization of a prosthesis: 


e the in vitro approach, which takes advantage of sophisticated experimental 
instrumentation to simulate the functioning of a tribo-system, producing 
results very close to the reality but excessively time/money-consuming; 

e the in silico approach, which aims to simulate the same phenomena in a 
virtual computational environment (calculator), so it is cheaper than the in 
vitro one but it needs a detailed mathematical and physical description of 
the problem in order to obtain accurate outcomes. 


The prosthesis can be viewed as a mechanical tribo-pair, so the tribology of an 
artificial joint is simpler to model than the natural synovial one [5, 4] and its lubri- 
cation/contact state, for a given lubricant, is generally determined by the intensity 
of the relative velocity between the surfaces (kinematics) and by the magnitude of 
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FIGURE 9.4 Typical joint replacements. 


the load that pushes the surfaces against each other (dynamics). Furthermore, it is 
well known that the loading condition acting on a joint is a consequence of the joint 
reactions, which are generated by the kinematics and the dynamics of the whole 
system that includes the analysed joint. Then, the aim of this chapter is to describe 
two numerical models already developed in MatLab environment by the authors 
regarding: 


e the mixed elasto-hydrodynamic lubrication of the Total Hip Replacement 
(THR), which simulates its tribological behaviour in terms of eccentricity, 
fluid/contact pressure, surfaces’ separation and wear depth, starting from 
the time evolution of the load and relative angular velocity vectors, taking 
into account the non-Newtonian behaviour of the synovial fluid and the pro- 
gressive gap geometry modification due to the wear [6]; 

e the mechanics of the multibody musculoskeletal system associated with 
the lower limb, which solves the inverse dynamics in order to elaborate 
the muscles’ activation and the joint reactions, starting from a certain 
kinematics of the bones and considering the muscles’ wrapping around 
them [7]. 


These two stand-alone models are merged in order to assemble a pipeline that starts 
from the musculoskeletal kinematics and leads to the tribological states associated to 
a synovial joint (the hip in this chapter). 


172 Industrial Tribology 


9.2 A NUMERICAL LUBRICATION MODEL FOR A SPHERICAL 
JOINT 


9.2.1 THE REYNOLDS EQUATION APPLIED TO THE ARTIFICIAL HIP JOINT 


Actually, the full film lubrication of two paired surfaces is mostly modelled with 
the Reynolds model (Equation (9.1)): it comes out from a balance of flows (due to 
the pressure, to the sliding and to the squeeze motions) and it is solved for the lubri- 
cant pressure field p along the time ¢ due to the given surfaces’ entrainment veloc- 
ity vector v and to the surfaces’ separation h filled by the lubricant; furthermore, 
it is governed by the lubricant rheological properties of density p and dynamical 
viscosity p. 


| RIES, Vas 0(ph) 
V f ve]=v (phy) + = (9.1) 


Several implementations of sub-models describing the quantities involved in the 
Reynolds equation are available in the scientific literature [8, 3, 9, 10], in order to 
detail the lubrication mode. In particular: 


e if the hydrodynamic regime is considered, the lubricant rheological prop- 
erties p and u are considered as constants, while the lubricant thickness 
h depends only on the relative approach between the surfaces, so that the 
numerical solution of the Reynolds equation is given by the inversion of a 
linear system; 

e moving from the hydrodynamic mode to the elasto-hydrodynamic one, the 
rheological properties p and y need of relationships describing their vari- 
ability with the high pressure reached within the gap, while the surfaces” 
separation h is composed also by the surfaces” elastic deformation contribu- 
tion 6, which depends on the pressure p through a deformation model of the 
analysed geometry [11, 12, 13, 14], leading to a highly non-linear problem 
solvable through iterative techniques; 

e if the possibility of a mixed lubrication regime is investigated, then the ana- 
lysed domain Q has to be distinguished in lubricated areas 42, governed 
by the Reynolds equation, and contact areas 42,, in which a further surface 
deformation contribution due to the occurring contact ô, has to be consid- 
ered in order to prevent the interpenetration between the surfaces thanks to 
the rising of the contact pressure p. [15, 16, 17, 18]; 

e the progressive geometry modification of the gap due to the wear can be 
taken into account considering an additional term equal to the wear depth 
u,, to the surfaces” gap h, which is updated every time step; 

+ the non-Newtonian behaviour of the lubricant (as in the case of the synovial 
fluid) can be introduced implementing a relationship describing the depen- 
dence of the viscosity y on the fluid shear rate, where the latter can be 
approximated by the ratio between the sliding velocity and the surfaces” 
separation [19]. 
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Regarding the model proposed by the authors, the lubricant density p dependence on 
the pressure p is governed by the classical Dowson-Higginson relationship [20] in 
the Equation (9.2), which increases the nominal density pp with the pressure accord- 
ing to the parameters a, and b,. 


ap+b,p 
+p 


P(p)= Po (9.2) 


Ap 


The viscosity u varies both with the pressure through the well-known Barus rela- 
tionship and with the shear rate following the Cross non-Newtonian model. In par- 
ticular, it is written in Equation (9.3) as a product between: 


the Cross term [19], which simulates the synovial fluid shear-thinning effect 
(Figure 9.5), that is the viscosity’s increase for a decreasing shear rate in a finite 
range delimited by y, and yu, according to the parameters k, and n,, due to the 
aggregation of the hyaluronic acid macromolecules within the synovial fluid for 
low sliding velocity v; 


the Barus term, characterized by the classical exponential dependence governed 
by the parameter a. 


(9.3) 


duloy [s] 


FIGURE 9.5 Shear thinning cross viscosity curve. 
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Since a Hard-on-Soft hip prosthesis will be analysed, as discussed in the follow- 
ing paragraphs, the chosen elastic deformation model is the column one [13, 21] 
reported in the Equation (9.4): this assumes that only the softer material is able to 
deform because of its very low Young modulus with respect to the harder counterpart 
and that the local deformation 6 is proportional only to the local pressure p according 
to the gain coefficient k, which depends on the mechanical and geometrical proper- 
ties of the softer body (Young modulus E, Poisson ratio v, radius R and thickness H). 


ed] 
dl] 


The wear depth u,, affecting the surfaces” separation h is elaborated with the clas- 
sical Archard model [22, 23] in Equation (9.5), which assumes that the linear wear 
rate 7,, is proportional to the product between the pressure (the sum of the fluid and 
the contact terms, respectively p and p,, in case of mixed lubrication mode) and the 
sliding velocity v,, through the wear factor k,,. The wear factor is assumed to increase 
when the surfaces” separation h becomes comparable to the arithmetic roughness R, 
and to extinguish over the full lubricated areas, according to the nominal wear factor 
ky, and the parameter a,, (Figure 9.6). 


ka = > 6(p)=kip (9.4) 


h ray 
ky [a = +) = Kyl > Ty = ky (pt Pe) Va (9.5) 


a 


Wear factor function 


2.57 


0.5 F 


FIGURE 9.6 Wear factor curve. 
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Once the linear wear rate field is calculated at each time step, its integration over 
the time ¢ leads to the wear depth u, in Equation (9.6), cumulated until that instant. 


w? 


t 


u, = fevar (9.6) 


0 


By knowing the geometrical separation h,, which depends on the particular anal- 
ysed geometry of the two bodies, the contact deformation ô, is evaluated in (9.7) as 
the amount of elastic deformation needed to avoid the interpenetration [6] (assuming 
a boundary layer thickness A, in order to have no numerical indeterminacy during the 
solving of the Reynolds equation). 


5 0 if h, +d +u, > Ap ia 
C |As- (h +5 + uy ) if h, +6 +u, <A, 47) 

Then the total surfaces’ separation h is obtained in the Equation (9.8). 
h=h,+6+6,+Uy (9.8) 


The entrainment velocity vector v depends on the particular moving geometry of 
the tribo-system, so the final problem to be solved in order to evaluate the fluid pres- 
sure p and the contact one p, is reported in Equation (9.9), coupling it with the bound- 
ary conditions on the pressure assumed as constant (pọ) in correspondence of the 
domain’s boundaries 0%. 


3 
vpo) vom) 00 inQ, 


12u 
: 9.9 
pee ino, Ka 
ka 
P= Po on 00 


The problem in (9.9) has to be turned in spherical coordinates, in order to adapt it 
to the spherical joint case, which is the hip. The hip (Figure 9.7) is the human syno- 
vial articulation linking the femur bone to the pelvis bone, pairing the femoral head 
to the acetabulum; it allows three relative rotations around three successive rotation 
axes: 


e the Flexion/Extension rotation 07, around the Medial/Lateral axis Zuz; 

e the Adduction/Abduction rotation 0,4 around the Anterior/Posterior axis 
Xap> 

e the Internal/External Rotation 0, around the Proximal/Distal axis ypp. 
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FIGURE 9.7 Hip joint scheme. 


The hip prosthesis (Figure 9.8) is made up of the spherical femoral head, fixed to 
the femur bone through a metallic stem, and the hemispherical acetabular cup, fixed 
to the pelvis bone through a metallic back. The biomaterials actually used in the 
framework of the hip arthroplasty are metallics, polymerics and ceramics [24, 25, 
26] in order to form Hard-on-Hard implants (Ceramic-on-Ceramic, Metal-on-Metal) 


Ypp 


Ore Cup axis 


Acetabular 
Femoral cup 


head 


ZML 


Metallic 
stem 


FIGURE 9.8 Hip joint prosthesis reference frames. 
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or Hard-on-Soft ones (Ceramic-on-Plastic, Metal-on-Plastic). The prosthesis more 
requested are of the type Hard-on-Soft [27], typically made of Ceramic or Metallic 
femoral head against Polymer acetabular cup (usually UHMWPE). 

With reference to Figure 9.8, the Reynolds equation reference frame xyz is fixed 
to the acetabular cup, it has the origin in correspondence of the cup centre and it is 
composed by the y axis being the acetabular cup axis pointing inside it and by the x 
and z axes lying on the cup edges. The cup axis forms the inclination angle a,, with 
respect to the sagittal plane (containing x,, and ypp) and its projection on the latter is 
inclined by the anteversion angle /,,, with respect to the longitudinal axis x,p Then 
the load vector N, and the relative angular velocity œ, acting in the hip reference 
frame X4pYppZyz, have to be rotated, Equation (9.10), through the cup rotation matrix 
R, (depending on the inclination and the anteversion angles a,, and £,,) in order to 
obtain the load and angular velocity vectors N and @ defined in the xyz cup reference 
frame. 


TT m 
A i ; 0 
cos > ba) saf 3 Ba) 
1 0 0 


R, = sin( -Ba cos{ 2 A ollo cos(-a;n ) -sin(—0,) 


0 sin(-a,, ) cos (—0%;, ) 


0 0 1 
(9.10) 


O, =| Opp 


Passing from the cartesian coordinates xyz to the spherical ones, the position x of 
any point P on the acetabular cup can be located by the spherical angles 0 and q, 
given the cup radius R, as shown in Figure 9.9 and written in the Equation (9.11). The 
transformation is executed through the radial unit vector f , which is useful to elabo- 
rate the geometrical approach h, and the entrainment velocity vector v of the Reynolds 
equation in the case of a spherical joint. 


sin 0 coso 
f=] sinOsinp |> x=RF (9.11) 


cos0 


Given the femoral head radius r and the eccentricity vector of its centre with 
respect to the acetabular cup one e, the geometrical gap h, is calculated in Equation 
(9.12) by knowing the radial clearance c and the dimensionless eccentricity vector n. 
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h(0, p) y 


> h= i-a?) (9.12) 


The entrainment velocity vector v is given by the arithmetic mean between the 
velocity of a point P on the cup (which is null in the xyz reference frame) and the one 
referred to the associated point Q on the head in correspondence of the analysed posi- 
tion located by the spherical angles O and y. The velocity of the point Q is composed 
by a translational term related to the variation over time of the eccentricity e and by 
the rotational term generated by the relative angular velocity vector of the head with 
respect to the acetabular cup œ; therefore, the entrainment velocity vector v in spheri- 
cal coordinates is obtained in Equation (9.13) by taking into account the spherical 
rotation matrix R, depending on the angles 6 and ø. It is worth noting that the only 
components of v needed in the Reynolds equation are the ones referred to the contact 
plane, i.e., Uy and U,. 


cosp —sinp Ol cos 0 sin 


R, =| sing cosp 0 0 1 0 


0 0 1||-sin@ 0 cosé 
Us (9.13) 
1 i A 
> v= Ri {é+ox[(R-h)F-e]} = a 


P 


At this point, the problem is completely adapted to the spherical joint in terms of 
geometry and motion (geometrical approach h, and entrainment velocity vector v) 
and coordinates (the spherical ones). Then, the Reynolds equation is reported in 
(9.14) by applying the spherical coordinate transformation to the differential 
operators. 
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3 3 
sinó 2 (ino gt z), E 2 r) 
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. O, ð R 
= Rsino © (sindpnuy)+ (on) Rsin0 (on) (9.14) 
p(0,p)= p(7.0)= po 
p(9,0) z p(0,7) = Po 


Once the mixed lubrication problem is numerically solved, the load vector N can 
be found by integrating the total pressure oriented with the radial unit vector r over 
the domain’s surface and the wear volume V, is obtained by integrating in the same 
way the penetration depth u,, (Equation (9.15)). 


N= [| (p+ p.)rR° sinOd0dp 

aa (9.15) 
V, = [| u,,R° sin 0dOdg 

C 


)0 


9.2.2 NUMERICAL ALGORITHM 


The Reynolds Equation (9.14) is written in every discrete point of the domains 
located by the angles 6; and g, through the finite differences associated to the 5-points 
cross stencil [6]. The stencil form u, of a quantity u is given in the Equation (9.16). 


T 
us = [uiy Ui, ja Uj Ui j+ RRI (9.16) 


With the stencil form (9.16) in mind, the Equation (9.14) is written in (9.17), in 
which some vectors and a matrix related to the finite differences are introduced and 
some product quantities are grouped in a single element. 


h? 
E 
Ug = PhU9 > fi Do, Pp. = Dj, Uo, +Dj. Up, + D? u,, (9.17) 
Up = PhU, 
u, = ph 


As stated above, the problem is highly non-linear: therefore, since the analytical 
form of all the involved quantities is known, the Newton iterative method is a suitable 
technique to use. So, the discrete Reynolds equation associated to the point J (typical 
2-D grid ordering) R, and its derivative with respect to the stencil pressure vector Jp, 
are given in (18). 
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Ry (p,) = fi Do, ps — (Di, Up, + Dj Uo, + Diu,, ) =0 


OR, T. TpT of, 
Jr (Ps) = = fs Do, +p; Da, 
Ry (p,) õp. J: Da, + ps Dy, i: 


| Dí Oo, F Di, Uy, F p! Cu, 


(9.18) 
Op, Op, "dp, 


The writing of Equation (9.18) for each point J belonging to the grid domain 
allows the assembly of the non-linear system of equation R, in the unknown pressure 
vector p, and its Jacobian Jg [6, 28]. The associated Newton update iteration scheme 
in (9.19) is applied. It is specified that in correspondence of each iteration the pres- 
sure cannot be negative, so all the negative elements of the pressure vector are set to 
zero. 


R(p) =0 
ar > p**) = pO -Jk (p)R(p) (9.19) 
Jr (p) = En 


The resolution technique (9.19) is applied in correspondence of each time step in 
order to evaluate the time evolution of the pressure field p(0, y, t) and it requires the 
knowledge of the eccentricity n(7) and angular velocity w(t) vectors patterns: gener- 
ally, the eccentricity is not a known input data, so the knowledge of the load vector 
time evolution is useful to build another equation in the eccentricity unknown F(n) 
which sets to zero the difference between the reference load N, and the ones calcu- 
lated by integration of the pressure. The above procedure is described in the Equation 
(9.20), in which the Newton method is used again, but this time the Jacobian of F, Jp, 
is obtained in the numerical way through the finite differences defined with a small 
constant e [6]. 


(9.20) 


The resolution scheme in (9.20) constitutes an external iterative cycle which com- 
putes the internal one (9.19): the whole algorithm is able to elaborate the eccentricity 
vector time evolution n(7) of the artificial hip joint due to known reference load N,,y(t) 
and relative angular velocity w(t) vectors. Figure 9.10 gives information about the 
algorithm workflow. It is worth noting that in the correspondence of each time step 
(once the convergence is reached for both the iterative cycles) the evaluated total 
pressure field is used to calculate the linear wear rate field 7,,(0,@,1) which updates 
the accumulation of wear depth u,(0, y, f), modifying the gap geometry [6]. 

As stated in the introduction, the input for the developed lubrication model (i.e., 
the reference load N,,,(¢) and the angular velocity @(t)) is completely determined by 
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FIGURE 9.10 Numerical algorithm workflow. 


the mechanics of the musculoskeletal system that includes the analysed hip joint. 
Therefore, the next section is dedicated to the description of a general multibody 
model, already developed by the authors, which elaborates the joint reactions and the 
relative motion needed to supply the described lubrication model and to evaluate the 
tribological state of the system’s articulations. 


9.3 MUSCULOSKELETAL MULTIBODY MODEL OF THE LOWER 
LIMB 


The multibody approach constitutes a suitable technique to analyse the musculo- 
skeletal systems, since they are composed by bodies (the bones) linked by joints (the 
articulations), moved by actuators (the muscles) and subjected to external environ- 
mental actions [29, 30]. In the framework of the wear prediction of an artificial joint 
belonging to the analysed system, the objective is to elaborate the loading and the 
relative velocity related to that joint due to a certain musculoskeletal kinematics. The 
specific aim of this chapter is to use the multibody output information to supply the 
mixed lubrication model described above, by logically connecting them as shown in 
the Figure 9.11. 


9.3.1 KINEMATICAL ANALYSIS OF CONSTRAINED MULTIBODY SYSTEMS 


Generally, the degrees of freedom of a musculoskeletal system are referred to the 
joint relative transformations; therefore, their time evolution represent the kinemati- 
cal input needed to start the so-called inverse dynamics [31, 32]. The kinematics of 
each bone i belonging to the musculoskeletal system (which are assumed as rigid 
bodies) can be described along the time t by knowing its translation vector t; (locat- 
ing its mass centre with respect to the inertial reference frame, i.e., the ground) and 
its unit quaternion 0, (4-elements vector describing its orientation with respect to 
the ground reference frame): the described quantities are collected into the body’s 
Lagrangian coordinates vector q; [33]. 
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FIGURE 9.11  Multibody and lubrication models coupling. 


t 
q -| | (9.21) 


In order to perform a dynamical analysis which evaluates all the forces and torques 
acting on the bodies and on the joints, it is necessary to know the time evolution of 
all the Lagrangian coordinates q(t) (column ordering), as well as their time deriva- 
tives, i.e., the Lagrangian velocities q(t) and accelerations q(t). Considering that 
each joint J linking the bodies i and j allows some relative movements and prevents 
others (out of total of six potential relative motion in the three-dimensional space), 
six constraint equations can be written in (9.22) for each joint: 


e the rheonomic constraint equations C, related to the allowed degrees of 
freedom qao (d which force the linked bodies Lagrangian coordinates q; 
and q, to evolve along the time f in order to follow the known permitted 
movements; 

e the scleronomic constraint equations C, , related to the locked degrees of 
freedom, which force the linked bodies Lagrangian coordinates q, and q; to 
avoid the prevented movements. 


C, (9:.4;.t) =0 


(9.22) 
C (4:.9;) =0 


Accounting for ng bodies (including the ground) and considering the n,,, rheon- 
omic equations and the n, scleronomic ones, the number of constraint equations is 
6(np — 1) while there are 7(n, — 1) unknowns, since each body’s Lagrangian coordi- 
nates q; has 7 elements (because of the quaternion): the remaining (n, — 1) equations 
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are related to the constraint equations C, (9.23) which force each body i Langrangian 
coordinates q, to evolve in order to keep unitary the norm of the unit quaternion 6; 


Cs (q) = 9/0; -1=0 (9.23) 


Ordering all the constraints equations along the column direction, assembling all 
the rheonomic ones C,, the scleronomic ones C, and the bodies” ones C,, the non- 
linear closed set of equations C needed to elaborate the position analysis is obtained 
in (9.24). It is solved through the Newton iterative method in the Lagrangian coordi- 
nates q unknowns, by evaluating the constraint equations C derivative with respect to 
the Lagrangian coordinates q, i.e., the constraint Jacobian C, [7]. 


Once the position analysis problem has reached the convergence, the velocity 
analysis and the acceleration one are formulated by differentiating with respect to 
time the constraint equation, leading to two linear problems in (9.25) which are 
solved in the Lagrangian velocities q and accelerations q unknowns by matrix 
inversion. The described time differentiation introduces other matrices and vectors 


(i.e., C, C, and C,). 


(Clas) =€(aat)= Cå +C, =0 C,q=-C, 
i CG =-(C,4+C,) 


gêi) = C (qit) =C,q+C,q+C, =0 


The resolution of the position, the velocity and the acceleration analysis closes the 
whole kinematic problem in which, given the joint behavior and the time evolution 
of the musculoskeletal system degrees of freedom q,,(t), the trajectories of the 
Lagrangian coordinates g(t) and their time derivatives are elaborated. In order to 


assemble the matrices and vectors needed (i.e., C, C m C; C, and C, ), each joint J 


has to be described. Generally, each constraint equation C, (and its time derivatives) 
is given in the form (9.26): therefore, the definition of the equation C(q, q; t) is all 
that is needed to build the Equations (9.24) and (9.25). 


C; (9,,9;+1) =0 
Cia +C; + Cu = 9 (9.26) 
Cra di + Cad; + Cig. Gi + Cd + Ca =0 
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FIGURE 9.12 Lower limb musculoskeletal system considered joints. 


The joints belonging to the lower-limb musculoskeletal system discussed in this 
chapter are listed in the following and shown in Figure 9.12 (for writing convenience, 
the constraint equation related to the joints are reported without their time derivatives 
analytical expressions): 


e the revolute joint, which allows a single degree of freedom, i.e., the relative 
rotation Ó(£) around the axis oriented by the unit vector v defined in the 
parent body i reference frame; then, it is characterized by one rheonomic 
constraint equation and by five scleronomic ones which lock the remain- 
ing two relative rotations and the three relative translations; the rheonomic 
part forces the linked bodies” quaternions 0, and 6, to combine in a rela- 
tive quaternion with angle equal to 0(t); the scleronomic translational part 
constrains the linked bodies Lagrangian coordinates q, and q; to locate the 
position of the joint J through the given relative position defined in the body 
i (u;, ) and in the body j (u,, ), while the rotational one is defined in order to 
keep the mutual orthogonality between two vectors Si, and Si, perpendicular 
to the rotation axis belonging to the body i and a vector s, parallel to the 
rotation axis belonging to the body j (Equation (9.27)); 
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(9.27) 


e the cam joint, which is kinematically similar to the revolute one, is char- 
acterized by the same rotational degree of freedom, but it allows two addi- 
tional relative translations between the linked bodies dependent on the angle 
O(t) described by the functions u,(0) and u,(0) along the axes oriented by 
the unit vectors vı and v2 defined in the parent body i reference frame; the 
constraint equations referred to this joint are reported in (9.28), by substitut- 
ing the joint local position in the parent body reference frame u,, with the 


given cam displacement; 
Cy (99,1) = UIC) y 8,)- 0 (t) =0 


t +R(0) u (6 jocu (6) |- +R(0,Ju,) 


C, (a;q;)= 5,8; =0 


(9.28) 


e the spherical joint, which allows three relative rotations 0,(£), 0,(£) and 0x(t) 
around three successive rotation axes oriented by the unit vectors v1, v2 
and v3 defined in the parent body i reference frame, while locking the rela- 
tive translation between the linked bodies i and j; while the scleronomic 
equations are equals to the ones referred to the translational term of the 
revolute joint, the rheonomic equations are defined in order to constrain the 
linked bodies’ quaternions 6, and 8; to combine in three relative quaternions 


with angles respectively equals to 8,(7), 0,(t) and 0x(t) (equation (29)); 


Cy (4,44;,1) = (Hi, 


Cs, CEA =t; +R(6;) Uy, -(t; + R(9,)u,, ) =0 


(9.29) 


e the free joint, which is basically a spherical joint able to provide additionally 
the relative translation between the linked bodies; the translation motion is 
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characterized by three relative translations ¢,(4), £,(£) and ¢,(t) along three 
unit vectors, respectively, m, 42 and uz defined in the parent body i ref- 
erence frame; therefore, while the free joint does not impose scleronomic 
equations, it is characterized by six rheonomic equations in which the rota- 
tional term is equal to the one referred to the spherical joint and the trans- 
lational one is given by enforcing the equality between the free joint local 
position in the parent body i reference frame u,, and the given displace- 
ment (Equation (9.30). 


(9.30) 


C; (9;,9;,1) F 


9.3.2 MUSCULAR ACTION MODELLING 


Once the kinematical analysis has been performed, the elaborated time evolution of 
the Lagrangian coordinates q(t), velocities q(t) and acceleration q(t) are used to 
evaluate the forces and the torques acting on the bodies. The forces related to the case 
of a musculoskeletal system are generally referred to internal driving actions (i.e., the 
muscular ones), internal reactions, inertial and environmental (e.g., the ground reac- 
tion and the weight forces in the case related to this chapter). 

The muscles play a key role in the framework of the musculoskeletal system 
mobility and the force exerted by them is generally unknown for a certain kinemat- 
ics. The muscles’ force is taken into account in the dynamical equilibrium of the 
multibody system through the virtual work principle. As shown in the Figure 9.13, 
a muscle can be viewed as a linear actuator linking two bodies i and j in correspon- 
dence of the two respective attachment points A and B: the muscle linear actuator 
is able to produce the muscular force F,, along the line joining the points A and B 
only in the contraction verse [7, 33]. Therefore, the virtual work produced by the 
muscle 6W,, for the virtual displacement of the attachment points ôr, and ôrp is 
given in (31). 


I=rj=r, >Í y > SW, = Fl Sry — Fol Srp (9.31) 


Ji 
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FIGURE 9.13 Muscle’s action between two bodies. 


Relating the virtual displacement of the attachment points A and B to the virtual 
variation of the respective bodies’ Lagrangian coordinates ôq; and 6q,, it follows that 
the vector of all the muscle forces F, can be turned in the generalized force vector 
Q, acting in the multibody space through the definition of a muscle Jacobian @,, 
which can be assembled by summing the virtual work produced by all the muscles. 


5 8W, =F, [i (0) (0) % PL LOLA) (9.32) 


SW, = Fn (0,5q,+0,59,) > Ondg =F; ®,5q 


The algorithm developed by the authors enables to consider also curved muscle 
actuators, in order to simulate the complex path of muscles that wrap around bony 
surfaces [7]. As shown in Figure 9.14, when the simulation detects the intersection 
between a straight line muscle AB and a wrapping object described by the surface 
explicit equation x(u, v), it varies the location of the intersection points P and Q on 
the surface until the split linear muscles AP and QB arrange tangentially with respect 
to the surface and the geodesic curves starting from that points become collinear in 
correspondence of the position where they are as close as possible: therefore, the 
definitive geodesics are joined in correspondence of the collinearity point, so that the 
curved muscle path cpg is obtained [34, 35, 36]. 

The wrapping model elaborates the geodesic curve c starting from a point on the 
surface located by the position vector rọ and with initial velocity fo (i.e., the known 
tangential unit vector given by the split muscle’s orientation), by solving the equiva- 
lent forward dynamics problem related to the free motion of a particle constrained to 
belong to the surface described by the implicit function Ac) [7]. The forward dynam- 
ics problem provides the evolution along the curvilinear coordinate s of the geodesic 
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FIGURE 9.14 Starting and final configuration of a wrapping muscle. 


curve c(s), introducing the particle’s mass matrix M, the constraint equation C(c) 
related to the surface constraint and the associated Lagrange multiplier 4 which is the 
force orthogonal to the surface that keeps the particle on it. The described Equation 
(9.33) is solved numerically with marching finite differences. 


Mc" +C =0 
C(c) = f(c) =0 
c(0) = (9.33) 


c'(0) ae 


While elaborating, the wrapping algorithm evaluates the curve orthonormal basis 
along s (i.e., the tangential, normal and binormal unit vectors t, n and b) in order 
to set to zero the function f(€), where the unknown & is composed by the surface 
coordinates uy and v, of the muscle’s intersection points on the surface P and Q and 
the function f ensures the tangency of the split muscles on the surface and the col- 
linearity in correspondence of the closest points P* and Q*. As written in Equation 
(9.34), the assembled non-linear problem is solved with the Newton iterative method 
by introducing the numerically obtained function Jacobian J, 


r= x(u,v) 
A Wu PER 
t= |x, «J A Uo, tpNp 
V x 
E=lvo [> F(E)=| toño (9.34) 
a PERO tin ar 
lx, x x, I p (r> -ry ) 

AL a oS Vog Sra 

= xn bt 
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Also in the case of curved muscle actuator, the associated contribution to the 
muscle Jacobian can be found. In fact, with reference to Figure 9.14 showing a mus- 
cle linking the bodies i and j through the respective attachment points A and B while 
wrapping on a bony surfaces fixed to a third body k, once the muscle curved path cpg 
has been evaluated, the virtual work produced by the muscle 6W,,, reported in (9.35), 
is related only to the split straight line segment AP and QB, since the geodesic 
dynamical problem in (9.33) assumes by definition that no frictional force is 
exchanged between the curve and the surface, so that the muscle force F,, keeps con- 
stant along the muscle from A to B. 


Wn = Ftp (Srp — S14) — Fals (Sry — S10) (9.35) 


As previously performed for the straight line muscle, relating the attachment and 
the splitting points virtual displacements to the virtual variation of the Lagrangian 
coordinates related to the involved bodies i, j and k the curved muscle’s contribution 
to the muscle Jacobian 0, is given in Equation (9.36). 


> SW, = F, (D,3q;+0,,5q; +0,,09;) (9.36) 


In general, each muscle can be characterized by a heterogenous complex path 
connecting more than two bodies, which is modelled as a series of straight line and 
curved units along which the same muscle force is transmitted. 

In order to evaluate the joint reaction in the successive paragraph, the muscle 
force F,, has to be divided in its active and passive parts, because, while the active 
term provides to the musculoskeletal motion, the passive one is going to load the 
joints. The approach used by the authors in the developed algorithm to separate the 
active contribution from the passive one, adopts the Hill muscle model [37, 38, 39, 
40]. With reference to Figure 9.15, the Hill muscle-tendon model is composed by a 
series between: 


e the tendon element SE, characterized by the given tendon slack length /, 
considered as a constant in this work; 

e the muscle unit, which is a parallel between the contractile element CE, i.e., 
the real active part of the muscle-tendon, and the passive one PE, represent- 
ing the muscle-surrounding tissues stiffness. 


As shown in Figure 9.15, the muscle unit of length /,, is inclined by the pennation 
angle a, with respect to the muscle action line. Because of the series coupling, the 
force exerted by the muscle-tendon unit is constant along both the tendon and the 
muscle: therefore, the muscle force applied to the attachment points A and B is given 
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FIGURE 9.15 Hill muscle configuration. 


in (9.37) by the sum between the contractive term Fc and the passive one Fp, pro- 
jected on the action line [7]. 


Fu = (For + For )COSO, (9.37) 


The contractive force Fcp and the passive one Fpp are equal to a fraction of the 
known maximum isometrical force Fy (Equation (9.38)) governed by the muscle 
activation level a and the force-length-velocity surface shown in Figure 9.16: 
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FIGURE 9.16 Hill muscle-tendon dependence on the muscle length and deformation 
velocity. 
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- fora given activation a, the generated force Fe, is maximum when the mus- 
cle length /,, is equal to the known optimal fiber length /, beyond which it 
extinguishes, according to the function f(l„/lọ); furthermore, it is greater 
than F, when the muscle deformation velocity v,, is positive (lengthening) 
and lower than F, when v, is negative (shortening) until it reaches the maxi- 
mum contraction velocity va, beyond which the force cannot be generated, 
according to the function f(v m/Y mad); 

- the passive force Fpp exists only when the muscle is lengthened beyond the 
optimal fiber length /,, according to the function fpg(l„/lo). 


Ln Vin 
Fee = ah Jaf Ja 
lo Vmax 


(9.38) 


The muscle length /,,, deformation velocity v,, and pennation angle a, can be eval- 


uated starting from the muscle-tendon length /,,, and deformation velocity v,,, avail- 
able from the kinematical analysis. In particular, for a complex muscle’s series, the 
above quantities are composed by the sum of the single units contributions: consider- 
ing a muscle-tendon consisting of n, straight line units and n, curved ones, its length 


Ln and deformation velocity v, are given in (9.39). 


mt 


mt 


Ns Ne 
lige > lrg, — r4, l+ > MMlepo, (s)llds 
i=1 j=l 


(9.39) 


With reference to Figure 9.15, Equation (9.40) holds when the muscle width w, is 
considered as a constant provided by the optimal configuration in terms of fiber 
length and pennation angle, i.e., the known parameters lọ and ay. Then, the Hill mus- 
cle states J,,, v,, and a, are obtained. 


be ales sina) +(Im -LY 


> 30, =arctan lesbi (9.40) 


mt =l, 


lm =L + Ly COSA, 
Wm = lm Sin ap = lo SiN A 


Vm = Vm COSO y 
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Taking advantage of the Hill muscle description, each muscle k force F,,, can be 
written in (9.41) as the sum of a contractive term Fog, scaled by the activation level 
a, and a passive term Fpg, . 


= l 
For, Es f | = 5 = Jr COSA pr 
0% maxk > Fn= aK ce, + For, (9.41) 


Therefore, extending for the muscle force vector F,,, the generalized muscle force 
vector Q,, can be defined through the definition of a contractile Jacobian Di the 
muscle activation vector a and the generalized muscle passive force vector O pp. 


a+ Op (9.42) 


(CE 


> 0, = (o diag (Fer ))a + (es Foz) el 


F,, = diag (Fer )a+ For 
Qn = OF, 


9.3.3 STATIC OPTIMIZATION FOR THE INVERSE DYNAMICS 


The kinematical analysis and the muscle modelling are needed to assemble the equa- 
tion of motion that governs the musculoskeletal system dynamics [33], which is 
composed in (9.43) by: 


e the inertial generalized term dependent on the mass matrix M, the Lagrangian 
accelerations q and the centrifugal and Coriolis force vector Q, (M and Q, 
are obtained by ordering the single bodies” contributions M, and Q., depend- 
ing on the inertial properties of mass m, and local inertia tensor T; ); 

e the external generalized term Q,, where the particular force F, acting on the 
body i with application point located by u, is turned in generalized force 
by the virtual work principle; 

e the internal constraint term given by the product between the constraint 
Jacobian C, and the Lagrange multipliers A. 


| mI 0 | 
M; = 5 


A l > Mă-0,-0.+C14=0 (9.43) 
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After a rotational coordinate transformation is performed in order to replace the 
unit quaternion with the angular cartesian coordinates (so that the constraint Jacobian 
related to the quaternions’ norm can be removed), the closed formulation in (9.44) 
allows to calculate the time evolution of the Lagrange multipliers A by linear matrix 
inversion [7], where: 


e the rheonomic Lagrange multipliers A, are the driving forces acting on the 
joint’s degrees of freedom; 

e the scleronomic Lagrange multipliers A, are referred to the imposition of the 
scleronomic constraint, but they are not fully related to the joint reactions, 
because the equation does not consider the muscles as the real actuators. 


A ali =-(Má-0,-0.) (9.44) 


S 


Therefore, the introduction of the generalized muscle force vector Q, in place of 
the rheonomic actions in (9.45) enables to refer the scleronomic multipliers A, to the 
joint reactions. 


Mį-Q,-Q. -Qn +C4,A, =0 (9.45) 


Relating Q, to the muscle activations a in (9.46) using the Equation (9.42), the 
equation of motion is characterized by more unknowns (i.e., the muscle activations a 
and the joint reactions A,) than equations since the complex human muscular actua- 
tion system is redundant: then, an optimization criterion has to be adopted in order to 
calculate a numerical solution. 


Mį-Q, -Q. (Pasa + Ope) + C3% =0 (9.46) 


The so-called static optimization is actually addressed by several objective func- 
tions by the scientific researchers: in this work a simple cost function equal to the 
sum of the squared activations is minimized [7] (minimum muscle energy criterion) 
and coupled to the equality constraint represented by the equation of motion and to 
the boundaries on the muscles’ activation being a scalar number between zero and 
one, as described in the Equation (9.47). 


mina’a 
a,As 
T r | a 2 
CA l i | = Mă-0, -Q. -Qpr (9.47) 


0<a<1 
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FIGURE 9.17 Multibody model workflow. 


At this point, the developed multibody model is able to calculate the joint reac- 
tions, which are needed to supply the described above lubrication model as summed 
up in the scheme shown in the Figure 9.17. The merging between the multibody and 
the lubrication models gives the possibility to evaluate the tribological performance 
of a joint by knowing the kinematics of the whole analysed musculoskeletal system, 
therefore the tribological characterization of a prosthesis can be conducted for sev- 
eral physical activities and for different subjects. 


9.4 APPLICATION TO THE THR WEAR ASSESSMENT DURING 
THE GAIT 


The authors adopted the developed models, written totally in MatLab computational 
environment, to evaluate the wear evolution of an artificial hip joint Ceramic-on- 
UHMWPE belonging to the lower limb musculoskeletal system subjected to the gait 
kinematics. The analysed lower limb is constituted by input data (bodies’ and joints’ 
properties, muscles’ characteristics, degrees of freedom trajectories and applied 
ground reaction forces) available on the “3DGaitModel2392” OpenSim model [41, 
42, 43, 44]: the system is composed by 23 bodies (three kinematical chains being 
the back joined with the two legs by the pelvis) and 92 muscles. While the OpenSim 
model elaborates the muscle wrapping through moving muscles’ attachment points, 
in this chapter some wrapping objects taken from a second OpenSim model (“Arnold 
Hamner Running Hybrid v2.1” [45]) are introduced. All the input data needed to 
perform the whole inverse dynamics of the analysed case, including the topology of 
all the involved objects, are collected and listed in the Excel file “gait-2392.xlsx” [7], 
which is called by the main MatLab script and elaborated. In Figure 9.18, the lower- 
limb musculoskeletal system is shown with the black lines representing the bodies, 
the joints black circles, the bodies mass centres green circles together with the local 
reference frames, the red muscles and the cyan wrapping objects (cylinders or ellip- 
soids). The four types of joint described are used: 


e the revolute joint is adopted for the ankle, the subtalar and the metatarso- 
phalangeal joints; 

e the cam joint is adopted for the knee joints, which allows a relative transla- 
tion between the femur and the tibia bones in the sagittal plane dependent 
on the knee flexion angle; 
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FIGURE 9.18 MatLab lower limb musculoskeletal system. 


e the spherical joint is adopted for the hip and the back joints; 
e the free joint is adopted for the ground-pelvis connection, in order to give 
the mobility to the whole system in terms of translation and orientation. 


As usual, the gait cycle starts with the stance phase, when the right heel strikes the 
ground; then, when the right foot toes leave the ground, in correspondence of about 
60% of the gait cycle, the swing phase takes place, until the end of the cycle identified 
by the successive right heel strike [46]. The gait cycle kinematics evaluated through 
the multibody model is shown in Figure 9.19, together with the ground inertial refer- 
ence frame and the ground reaction force vector depicted with a green arrow moving 
over the ground, while the muscles take on a colour shade between blue (zero activa- 
tion) and red (total activation) as a result of the static optimization. 

In order to show the reliability and the capability of the developed multibody 
algorithm, in Figure 9.20 the driving torques referred to the right hip, knee and ankle 
in the sagittal plane during the gait are shown, while Figure 9.21 reports the muscle 
states referred to the right semitendinosus muscle wrapping around an ellipsoid bony 
surface fixed to the tibia bone. 

The most interesting output, from a tribological point of view, elaborated by the 
multibody algorithm are surely the joint reactions. Since the objective is to evaluate 
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FIGURE 9.19 Multibody visual output. 


the tribological state of the right hip joint, the associated joint reactions A, are rotated 
in the femur reference frame in order to compare them with the established in vivo 
measurements performed by Bergmann [47] in Figure 9.22. Considering that the 
computed in silico results are referred to a particular subject, while the in vivo 
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FIGURE 9.20 Sagittal driving torques referred to the right leg joints. 
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FIGURE 9.21 Right semitendinosus muscle states. 


Bergmann loads are referred to the average applied to several people, the calculated 
hip joint reactions constitute a very satisfactory outcome, which encourages the uti- 
lization of the multibody algorithm as a synovial joint tribological configurations 
generator. 


198 Industrial Tribology 


Right hip joint reactions 


Nap Matlab 
2500 } Neo y 
Nu 
2000 + -—<-= Nap Bergmann | | 
“Neo 
1500 | =-= Nyu 4 
z, 
Z 


% Gait 


FIGURE 9.22 Comparison between the simulated and the Bergmann hip loads. 


Then, elaborating the Lagrangian coordinated referred to the right femur and pel- 
vis bone, the hip relative angular velocity vector is obtained. Finally, the lubrication 
inputs represented by the hip load N, and relative angular velocity vector œ, are 
depicted in Figure 9.23. 

Subsequently, the hip tribological inputs are elaborated by the lubrication model: 
as described in the previous paragraphs the lubrication algorithm is able to consider 
both the full film regimes and the mixed one. With reference to the gait kinematics 
and to the same prosthesis input data adopted in [6], the plots related to the pressure 
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FIGURE 9.23 Right hip tribological state during the gait. 
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FIGURE 9.24 Full lubrication condition. 


and the separation shapes within the synovial gap in the pressure peak position are 
shown: Figure 9.24 is related to an instant in which the surfaces are completely sepa- 
rated by the synovial fluid meatus, while Figure 9.25 is depicted in correspondence 
of a time instant in which the load is supported by both lubricated areas and contact 
ones, where the latter are characterized by zero fluid film thickness. 

The transition from the lubricated areas to the contact ones over the domain is a 
challenging numerical issue in the framework of the mixed lubrication algorithms. 
Regarding the artificial hip joint during the gait, the outcome referred to the coexis- 
tence of the synovial fluid pressure with the contact pressure is shown in Figure 9.26: 
it shows that the full film mode is established only in the early steps of the cycle, after 
which the contact pressure gradually replaces the fluid one due to the high load 
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FIGURE 9.25 Mixed lubrication condition. 
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FIGURE 9.26 Fluid and contact pressures coexistence during the gait. 
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acting on the hip joint; the fluid pressure begin to increase again towards the last 
phase of the cycle, when the squeeze actions become appreciable. 

The mixed lubrication behaviour of the prosthesis visualized in Figure 9.26 is 
confirmed by the trend of the maximum pressure reached within the gap overlapped 
to the minimum film thickness shown in Figure 9.27: it can be seen that the maxi- 
mum pressure substantially follows the shape of the norm of the load vector and that 
the minimum film thickness decreases quickly until it becomes equal to the boundary 
layer for almost all the remaining time. 

In addition, the time evolution of the dimensionless eccentricity reported in 
Figure 9.28 suggests that the high level achieved by its y-component is responsible 
for the contact occurring, while the remaining two components time variations are 
responsible for the squeeze action return around the final instants of the gait cycle. 

The combined action of total pressure and sliding velocity is responsible for the 
wearing of the prosthesis surfaces: the time evolution of the penetration wear depth 
field for this case is shown in Figure 9.29: this type of analysis can be useful while 
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FIGURE 9.27 Maximum pressure and minimum surfaces” separation within the synovial 
gap. 
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FIGURE 9.28 Dimensionless eccentricity vector evolution over time. 


evaluating which area of the implant is the most critical in terms of material loss for 
a certain kinematics. 

The final output of the wear volume is obtained by integrating over the surface’s 
domain the penetration wear depth and shown in Figure 9.30: its trend can be rele- 
vant in the framework of the implant duration estimation, in fact, for this case, it 
gives information about the quantity of volume removed for a single gait cycle. 
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FIGURE 9.29 Linear wear field evolution during the gait cycle. 
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FIGURE 9.30 Wear volume time evolution over the gait cycle. 


9.5 CONCLUSIONS 


The aim of this chapter was to present works already developed by the authors in the 
framework of the biotribology of the hip implants. In particular, the main objective 
was to estimate the artificial hip joint duration through numerical models developed 
in MatLab computational environment able to simulate the complex phenomena 
evolving within the synovial cavity of the prosthesis. 

A numerical model simulating the mixed elasto-hydrodynamic lubrication of a 
general spherical joint was developed and applied to the Ceramic-on-UHMWPE 
hip prosthesis case. The model takes into account the deformability of the softer 
acetabular cup through the column model and the variability of the rheological 
properties of the synovial fluid with the fluid pressure. Furthermore, it consider the 
non-Newtonian behaviour of the synovial fluid due to the hyaluronic acid macro- 
molecules within it and the modification over time of the synovial gap geometry 
because of the wear cumulation. Above all, the developed numerical model allows 
to distinguish the lubricated areas by the contact one by dividing the domain’s area 
in those zones in which the surfaces” interpenetration occurs. The workflow of the 
lubrication model starts from the knowledge of the hip load and relative motion 
conditions during a certain kinematics and it ends with the calculation of the time 
evolution of the dimensionless eccentricity vector of the femoral head with respect 
to the acetabular cup. 

The tribological inputs for the lubrication algorithm are evaluated by a second 
developed model, which studies the multibody mechanics of general musculoskele- 
tal systems. In particular, the developed procedure is able to perform the inverse 
dynamics of musculoskeletal systems, by assembling and solving the constraint 
equations (kinematical analysis) and by characterizing an optimization problem able 
to solve the equation of motion in terms of the unknown muscle activations and joint 
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reactions. The multibody approach considers the complex muscle paths through a 
wrapping algorithm based on the geodesic curves generated around bony surfaces 
and distinguishes the contractile muscle actions from the passive ones by using the 
well-established Hill muscle-tendon model. 

The two macro-codes are joined and coupled in order to have a complex compu- 
tational tool which estimates the in silico wear of the hip implants belonging to a 
particular musculoskeletal system moving with a certain kinematics. The algorithm 
was applied to gait cycle kinematics and it turns out to be a powerful indicator of the 
implant duration. 

In order to have an increasingly accurate computational instrument, some 
improvements could be devoted to: 


e the boundary lubrication mechanisms modelling, so that more detailed 
information can be obtained in that zones characterized by no surfaces’ 
separation; 

e the introduction of the surface roughness fields, which can affect the pres- 
sure distribution significantly by preserving some lubricated areas in the 
valleys between the asperities; 

e the implementation of a finite element model able to compute the deforma- 
tion of the whole body of the prosthesis, in order to analyse hard-on-hard 
implants or to evaluate the stress state of the joint parts; 

e the modelling of different wear mechanisms, such as the delamination or 
the tribocorrosion due to the active behaviour of biological fluids; 

e the introduction of kinematically more articulated joints; 

+ the modelling of the tendon dynamics, which can be very relevant for kine- 
matics faster and/or heavier than the gait (e.g., running, swimming, climb- 
ing, cycling, etc.). 
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10.1 INTRODUCTION 


Tribology is the study of the science and technology of interacting surfaces in rela- 
tive motion, including friction, wear, lubrication, and related design factors [1]. 
Because tribology is so closely linked to practical applications, elaborative research 
and empirical experience are extremely important in today’s circumstances. The 
operating environment and contact mechanism are two of the most critical factors 
that affect the investigation of tribology. To understand the tribological behaviour, it 
is necessary to have a knowledge of physics, chemistry, metallurgy, and mechanics, 
which makes tribology an interdisciplinary science. Tribology deals, in particular, 
with friction, wear, and lubrication. Friction is defined as a body’s resistance to 
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a movement against another body. Friction is a system response in the form of a 
reaction force, not a material property which is mainly influenced by the param- 
eters such as temperature, moisture, load, mechanical characteristics, and surface 
topography [2]. 

The interaction between the two contacting surfaces causes tribological wear, 
which results in the gradual removal of the surface materials, i.e. material loss. Wear 
of the materials in contact is a system parameter, just as friction. The shearing contact 
between the asperities of two solids in relative motion causes adhesive wear [3]. The 
asperities deform elastically and plastically during sliding, resulting in a contact area 
where the bonding forces provide high adhesion and the surfaces are welded together. 
When the tangential relative motion causes a separation in the bulk of the asperities 
in the softer material rather than the interface, adhesive wear occurs. When one of the 
surfaces in contact is significantly harder than the other, abrasive wear develops, 
causing severe plastic deformation of the surface material [4]. Fatigue wear is vital in 
dies and instruments that are loaded regularly, such as rolls. The surface of loaded 
tools is compressed, and shear stresses are generated underneath the surface. 
Microcracks form at a site of weakness, such as an inclusion or second-phase particle 
because of repeated loading and unloading. Which the crack reaches the critical size, 
a flat sheet-like particle is detached from the surface, which is also known as delami- 
nation wear.[5] 


10.2 ROLE OF SURFACE ENGINEERING 


Friction-related energy losses cost the industrialized world between 5% and 7% of 
their GDP each year, and friction response for around one-third of the world’s energy 
resources are being used. Every one of hundreds of components manufactured fails 
due to excessive wear, and it is also estimated that 10% of oil consumption wear is 
simply used to overcome the friction caused between the components.[6] Tribological 
contacts account for 23% of the world’s total energy consumption; 20% is used to 
counteract friction, and 3% is used to remanufacture worn components and spare 
equipment owing to wear. The goal of maintaining greenhouse gas emissions in 2004 
is to meet the climate targets of 500 ppm CO, in the atmosphere and a 2°C increase 
in mean surface temperature by 2054 [7]. In the automobile industry, the reduction 
of friction and wear among components such as the engine and gearbox can lower 
total fuel consumption by around 6%. This could save around 3000 crores liters per 
year. On the other hand, the 25 crores tons of CO, emission can be decreased when 
there is a reduction in the friction and wear reduction of automobile components [8]. 

The surfaces could wear in different ways given the variations in operating condi- 
tions. The surface finish and dimensions of the materials may alter and, hence, the 
material will ultimately fail to meet the customer’s needs [9]. For example, abrasive 
and adhesive wear are the two major wear mechanisms of steel wire drawing dies. If 
adhesive wear occurs when the wire material attaches to the die surface and minute 
pieces are detached from the die surface by adhesive shear and fracture, it is impor- 
tant to understand the causes of adhesive wear [10]. When the engine parts are in 
contact with each other without a proper lubricant, the asperities could cause ‘rough 
patches’ on the material surface. Even the low-height asperities can cause the 
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material to become extremely hot when rubbing against the other surface. The piston 
rings tightly pressed on the cylinder bore could be subject to friction and wear when 
the piston moves up and down in the cylinder. This is because of high elasticity, high 
combustion pressure, and side force. In such cases, the wear mechanisms include 
adhesion, scuffing, and abrasion [11] are dominant in piston rings and cylinder liners. 
Lubricating conditions, material nature, and surface roughness are the crucial factors 
that impact adhesive wear. Scuffing occurs at high temperatures when two relatively 
sliding metallic surfaces come into direct contact with insufficient lubrication. 

Tribology could have an impact on factors such as the selection of materials, spe- 
cial structural design, lubrication, metal matrix composite, surface engineering, 
reducing the weight of the component. To improve tribology properties, surface engi- 
neering is one effective and flexible way handled by many industries [12]. Surface 
engineering has gained a lot of interest in recent years because of the production of 
low wear and friction phenomena. Modern surface engineering is seen in various 
industrial areas such as automotive, aviation, power engineering, medical engineer- 
ing, micro-systems technology, microelectronics, etc. [13]. Surface engineering 
approaches are mainly used to optimize surface attributes and bulk materials. Surface 
coatings and surface treatments are two main components of surface engineering. 
Surface engineering can modify the surface properties like residual stresses, friction 
coefficients, surface hardness, wear, surface roughness, wettability, and corrosion 
rate (Figure 10.1). 

Over recent decades, several surface engineering technologies have been success- 
fully developed and deployed to minimize friction and protect surfaces from damage 
[14]. For example, the grinding tools required a high wear performance, which can- 
not be achieved by conventional materials. In such conditions, high hardness ceramic/ 
diamond-coated materials can be used to improve the tool performance. In many 
engineering components, wear failures are related to surface properties. Surface 
coatings could introduce the needed phase composition on the surface of the 
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FIGURE 10.1 Influencing parameter of a coating system tribological performance. 
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materials, which eventually increases the friction resistance, wear resistance, corro- 
sion resistance, and other functional features. The various coating processes include 
Physical Vapour Deposition (PVD), Chemical Vapour Deposition (CVD), Laser, 
plasma and thermal spraying, high-velocity oxyfuel, sol-gel, cladding, Chemical 
solution deposition, Electrochemical deposition, and electroplating were employed 
in recent years [15]. 


10.3 SURFACE MECHANISM 


Surface atoms can never be confused with their bulk counterparts. The fundamental 
explanation for this is that atoms in bulk materials are surrounded by other atoms 
on all sides, while surface atoms are linked to other atoms on just one side. As a 
consequence, the surface atom transfers the attractive force of other atoms in one 
direction, resulting in surface energy. Furthermore, surface atoms may attract to any 
form, such as liquid-phase or gas-phase atoms. This is why the materials oxidized in 
the environment. When the surface functional properties are insufficient, the ability 
to connect foreign atoms and molecules is helpful [16]. 


10.4 IMPORTANCE OF PRE-TREATMENTS BEFORE THE COATING 
PROCESS 


Coating adherence is one of the most serious issues in surface coating, which is 
mainly influenced by factors such as oxidation, poor surface finish, foreign elements, 
etc. To increase coating adhesion, the surface of the material must be mechani- 
cally cleaned (through polishing, sandblasting, etc.), degreased, and then activated 
by a physical or chemical technique. In certain circumstances, an undercoat that is 
intended to accomplish at least one of the tasks (thermal expansion coefficients) in 
addition to increasing coating adherence to the substrate is necessary [17]. In recent 
years, pre-treatment and activating solutions have been employed to increase coating 
adherence on the surface of passivised materials such as aluminium, magnesium, 
copper, and other materials. Here the activated solution could deposit the preliminary 
layer on the surface of the material. Then the deposit could adhere to the preliminary 
layer more efficiently when compared with the passivized surface. The oxidation of 
the surface was the main reason for the poor adhesion of the coating on the substrate. 
For example, when aluminium and magnesium are used as substrate material, an 
oxidation process occurs on the surface. This will induce the formation of aluminium 
oxides and magnesium oxides on the surface, which makes the surface incompatible 
with the coating. As a result, it is critical to remove or prevent the development of 
an oxidation layer on the surface of aluminium and magnesium to increase coating 
adherence. Surface roughness was the other important parameter which is associ- 
ated with coating adherence. Generally, high surface roughness have a better coat- 
ing adhesion then the low surface roughness. As the high surface roughness have 
a dense asperities zone, which will provide an additional mechanical interlocking 
aside which improve the adherence. To increase the surface roughness, techniques 
like Grinding, Peening, sandblasting, laser shock peening, etc were employed as pre- 
treatment techniques in recent years. 
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10.5 COATING TECHNIQUES 


Surface coating methods are used in various industries due to the enormous diver- 
sity of applications. Plasma sprayed coating, cold spray coating, thermal spray 
coating, plasma electrolytic oxidation, electroless Ni-P coating, and chemical con- 
version coating are among the coating technologies that are available in recent years 
(Figure 10.2). These approaches include a variety of parameters that help in the 
improvement of materials’ microstructure, biocompatibility, friction resistance, wear 
resistance, corrosion resistance, suitability, and durability [18], which is briefly dis- 
cussed below. Each technique has its uniqueness, advantages, and disadvantages. 
Among the disadvantages of the processes are: negative heat effects (e.g., distortion, 
crack, delamination, etc.), atmospheric condition, and poor coating adhesion [19]. 
This limits the selection of coating material in various technologies. For example, 
pure ceramic coating can’t be done using the Electroless process, which restricts its 
use in high-temperature applications. In recent years, the protective layer has been 
made up of a variety of materials, such as metals, ceramics, and polymers. Materials 
such as Al, Ti, Hf, Zr, Ni, Co, Pt, MgO, ZrO,, Al,O;, Y,03, BeO, PEEK, and PTFE 
were often utilized in coating technology [18], to improve the resistance towards the 
friction, wear, and corrosion. 


10.5.1 Cotp Spray COATING 


In cold spray coating, the powder is passed through a de Level nozzle, which acceler- 
ates it to reach supersonic velocities. Because there is no heat source (plasma or elec- 
trical discharge), the powder remains solid throughout the process. The mechanical 
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FIGURE 10.2 Schematic of different surface coating processes a) Physical vapor deposi- 
tion, b) Cold spray coating, c) Plasma electrolytic oxidation, d) chemical vapor deposition, e) 
Electroless Ni-P coating (Table 10.1). 


TABLE 10.1 


Summary of Surface Coating Process, Material and Tribological Properties 


Surface 
Coating 
Process 


Plasma 
sprayed 
coating 


Cold spray 
coating 


Plasma 
electrolytic 
oxidation 


Electroless 
Ni-P coating 


Chemical 
conversion 
coating 


Thickness 
of Coating 
Process um 
Spraying molten or heat-softened material 0.5-1 
onto the surface of a metal or alloy High- 
temperature plasma flames quickly heat 
and accelerate powder, which is fed into 
the flames 
Cold spray coating uses a supersonic 30-1000 
compressed gas jet to accelerate powder 
particles (typically 10 to 40 um) to very 
high velocities (200 to 1200 m/s). 
Electrochemical surface treatment that 2-20 


creates an oxide coating layer on a metal 
surface 


Electroless plating is a chemical rather than 10 um to 
an electrical method of plating metal in 0.5 mm 
which the piece to be plated is immersed 
in a reducing agent that, when catalyzed 
by certain materials, changes metal ions to 
metal that forms a deposit on the piece. 

An electrochemical or chemical process 0.1-100 

generates a thin layer of metal on the 


surface of the parent metal. 


Parent 


Coated Material Material 


Pure metals, alloy All metal, 
metals, ceramics, 
and composites 


ceramics, 
some 
plastics, and 
carbon fiber 


composite 
Al, Cu, Ni, Ti, Ag, Ti-6A1-4V, 
Zn, Ta, Nb Metal alloy 
ALO,, Aluminium, 
Titanium, 
Magnesium, 
Zirconium 
Nickel, Most ferrous 
phosphorous, and non- 


copper, ceramics ferrous alloy 


hexavalent aluminium, 
chromium magnesium, 
compounds, titanium, and 


graphite, MoS,, zinc alloys 


polymer, ALO; 


Tribological Properties 


Easily worn off when in contact with the 
counter face, eliminating structural damage 
while providing adequate erosion and 
permeability resistance to maintain tight 
clearance over the engine service life. 


The low-temperature method that yields 
cold-worked microstructure metallic coatings 
with minimal porosity, little thermal residual 
stress, and a high thickness for use in repair 
applications. 

The ability to resist corrosion, as well as its 
photocatalytic activity and aesthetic appeal 
when exposed to a variety of environmental 
stressors, are all taken into account when 
designing a PEO coating 

The corrosion resistance of the highest order, 
Co-deposits with high hardness and low 
friction are offered. Good coating durability 
and low wear are some of the benefits of 
a uniform deposit. A coating that is self- 


lubricating. The post-plate finish is eliminated. 


To protect enclosures and metal parts from 
corrosion, and to ensure that reliable electrical 
connections can be made to aluminum chassis 
and components. It is also an effective pre- 
treatment for powder coats. 


Reference 


[26] 


[27] 


[28] 


[29] 


[30] 
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PVD At high vacuum conditions solid or liquid 0.05 to 100 


materials transfer into the vapor phase 
than by metal vapor condensation which 
creates the dense and thin film on the 
material 


CVD A chemical reaction would generate a 1 pm to 2 


deposition layer on the substrate’s surface mm 
when it was exposed to a mixture of 
volatile material precursors. 


Electroplating One metal is negatively charged, while the 0.1 to 85 


other is positively charged, Over time, the 
positively charged metal molecules slowly 
migrate to the surface of the negatively 
charged metal, forming a very thin layer. 


HVOF Coating materials in powder form are 70-100 


injected into this hot jet stream and 
partially melted as they exit the nozzle tip. 


aluminum, copper, most metals, 


nickel, and 
zirconium. 


aluminium, 


cobalt, copper, 


iridium, titanium, 


tungsten; 
carbides, 


Nickel, Chromium, All metal 


Brass, Cadmium, 
Copper, Gold, 
Palladium, 
Platinum, 
Ruthenium, 
Silver, Tin Zinc 


Tungsten 


Carbide-Nickel 
Superalloy, 
Chromium 
Carbide, 
Aluminum 
Bronze, 
molybdenum 


ceramics, and 


ceramics, glass, 


Components in an IC engine benefit greatly [31] 
from PVD coatings because it improves 
wear resistance, scratch resistance, surface 
roughness, and friction 


tribological characteristics are improved [32, 33, 


through abrasion resistance, crack resistance/ 34] 
coating cohesiveness, and adhesion. 


Forms a Protective Barrier, Enhances 
Appearance, Reduces Friction Conducts 
Electricity, Prevents Formation of Whiskers, 
Plated surfaces are less susceptible to damage 
when struck or dropped, which can increase 
their lifespan. Nickel plating improves 
performance and reduces premature wear and 
tear. 

Wear protection, Low friction surfaces, [35] 
Corrosion protection, High-temperature 
oxidation resistance, Improved cohesive 
strength inside the covering, and a stronger 
connection to the underlying substrate because 
of increased impact velocities and smaller 
powder particles, the as-sprayed surface is 
smoother. Wear resistance is improved as a 
result of stronger, tougher coatings. 
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deformation of the particles is the mechanism for coating deposition. As a conse- 
quence, cold spray is especially suited to metals, which bend and experience adia- 
batic shear at the particle extremities as a result of the high-speed impact, leading to 
rapid local temperature spikes. Cold spray coatings provide desired properties such 
as virtually full density and minimum chemical oxidation. The operation is rather 
rapid and may be cost-effective. It has been utilized in the past to deposit protec- 
tive coatings for common metals used in corrosive conditions (e.g. Al, Ta, and Ti). 
Metallic coatings, on the other hand, are not the ideal answer for wear resistance, 
as previously stated. This naturally inspired cold spray researchers to look into the 
possibility of developing composite coatings with a metal matrix, ceramic reinforce- 
ments, solid lubricant inclusions. These coatings may be created using the cold spray 
process, but there are substantial hurdles in tailoring the process such that the coat- 
ings have a strong structure and qualities that give high wear resistance. For example, 
even at 800°C, the wear resistance of cold-sprayed (Fe) Al alloy coating was greater 
than that of heat-resistant 2520 stainless steel [20]. Hence, the cold spray technique 
has been used to improving the wear resistance. 


10.5.2 PLASMA ELECTROLYTIC OXIDATION (PEO) 


Plasma electrolytic oxidation (PEO) is the technique generally used for coating metal 
alloys. Here, the plasma discharge is created in the metal electrolyte interface, allow- 
ing the surface to turn into a dense hard ceramic oxide layer without causing damage 
to the substrate surface. The Keronite PEO method uses a complex combination of 
oxide growth, fusing, re-crystallization of the oxide film, and partial metal dissolu- 
tion at tiny levels to create an oxide layer. Extensive plasma discharges on the surface 
of Keronite PEO might make it an aggressive process, causing the oxide layer to 
explode at tiny levels at very high local pressures. The operating temperature for the 
PEO method is between 12 and 30 degrees Celsius. Additionally, the electrolyte’s 
elemental co-deposition may result in the creation of a ceramic layer on the surface, 
resulting in crystalline and amorphous phases in addition to oxidation. Compared 
to hard-anodized coating, the PEO coating was two or three times greater in elastic 
modulus and hardness. This eventually increased the wear resistance of PEO coating 
over the hard anodized coating [21]. 


10.5.3 ELECTROLESS COATING 


Electroless coating is a technique that uses redox reactions for the deposition of metals, 
non-metals, and composites on various conducting and non-conducting substrates. 
The main use of coatings is to reduce friction, wear, and corrosion. In addition, the 
recent applications of the electroless coating were seen in Microelectromechanical 
systems, electromagnetic interference, powder metallurgy, membrane reactors, heat 
exchanger reduction, and bacterial adhesion reduction. Because of their distinctive 
nodular microstructure (cauliflower), the electroless nickel coatings are smooth and 
lubricious [22]. However, in recent years, various surface treatments and reinforce- 
ment were used to change the microstructure, which eventually increases the fric- 
tion and wear resistance. Heat treatments at 400°C generally reduce the friction 
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coefficient and wear rate as compared to the as-deposited Nickel coatings [23]. 
Electroless composite coatings can be distinguished into two groups of tribology: 
solid lubricant coatings, hard-wear resistance coatings induce corrosion-resistance 
coatings. Solid lubricants, such as WS,, MoS,, PTFE (polytetrafluoroethylene) and 
graphite [24], are commonly used in electroless composite coatings, which typi- 
cally have a lower friction coefficient than electroless NiP coatings. The hard wear- 
resistant composite coatings include the co-deposition of WC, SiC, Al,O,, B,C, and 
diamond, which has greater hardness and wear resistance compared to the elec- 
troless NiP coatings [24]. Similar to other coating techniques, electroless coating 
has an adhesion issue over the passivized surface. Thus, chemical treatments were 
devised to increase the adherence of the coating to the substrate. In addition, the 
post-treatment process after the electroless process has improved the coating adhe- 
sion; however, researchers are still finding a way to improve the coating adhesion 
to make it better. 


10.5.4 HOVF 


In this process, the fuel (propylene, propane, or hydrogen) is combined with oxy- 
gen and burnt in a chamber, after which the products of combustion are allowed to 
expand with the use of a nozzle, where the gas velocity accelerates to supersonic 
levels. The powder is delivered into the nozzle along the axis, which is heated and 
accelerated through the nozzle. During the firing process, the powder is exposed to 
the state of combustion, where it becomes melted or oxidized. 

At The oxidation of metallic and carbide is also conceivable in this process and 
found to be advantageous to the creation of any metallic or cermet material [25]. 


10.6 SURFACE MODIFICATION 


Surface modification is the act of modifying the surface of a material by introduc- 
ing physical, chemical, or biological qualities that vary from those present on the 
material’s surface. Surface modification methods are employed in a variety of indus- 
tries, including automotive, aerospace, power, electronic, biomedical, textile, petro- 
leum, petrochemical, chemical, steel, power, cement, machine tools, and so on [36]. 
Surface modifications are required for additively made metals to increase mechani- 
cal, chemical, and physical qualities such as wear resistance, corrosion resistance, 
biocompatibility, and surface wettability. The post-treatments cause surface plastic 
deformation without removing any material, improving the surface and mechani- 
cal characteristics of metallic objects. Deformation is induced by the application 
of loads or shocks, kinetic energy, and thermal energy, which may alter the whole 
body’s surface layer.[37] 


10.7 IMPORTANCE OF POST-TREATMENT PROCESS IN COATING 


Post-treatments are an important process that improves the efficiency of coatings 
include: adhesion, hardness, wettability, friction, wear, and corrosion. Generally, 
peening, heat treatment, cryogenic treatment, and laser treatment process are some 
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FIGURE 10.3 Schematic diagram of different surface modification processes (a) Shot peen- 
ing, (b) Laser surface treatment, (c) Nitriding Treatment, (d) flame hardening, and (e) Friction 
stir processing. 


of the Post-treatments process (Figure 9.3). Peening is the process, where the cold 
work process is employed to induce the compressive residual stress on the surface. 
The compressive residual stress may cause mechanical deformation, affecting the 
surface characteristics. Here, the deformation is caused only by the application of 
stresses [38] and, hence, there is no phase transformation in the surface of materials. 
In addition, it is observed that, based on the thermochemical diffusion treatments, the 
coatings can have either compressive or tensile residual stresses [39]. 

Laser treatments and heat treatments are the processes, which are the surface 
properties employing changing the microstructure as well as the phase composition. 
For example, in electroless Ni-P deposit, the phase structure is amorphous and has 
the NiP phase composition. After the heat treatment process, the formation of meta- 
stable phases like Ni,P and Ni,,P;. The formation of these phases was found advanta- 
geous in improving the hardness as well as the friction and wear resistance. Similarly, 
in the laser treatment, the phase composition can be altered effectively compared to 
the heat treatments. 


10.7.1 SHOT PEENING 


Shot penning is a cold working method that modifies the surface and mechani- 
cal characteristics of materials by using compressive residual stress. Following 
the shot-peening procedure, dome-shaped structures emerge on the surface. Shot 
peening, in general, produces a high level of surface roughness on the surface of 
the materials. As the diameter or projection speed of the shots increases, so does 
the degree of roughness, and vice versa. Executing a finishing shot peening opera- 
tion and optimizing the settings is a straightforward technique to eliminate shot 
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peening-induced roughness. For example, the surface and the tribological reaction 
of Ti6A14V alloy shot-peened under varied parameters (shot size and peening dura- 
tion) is investigated, and concluded the parameter impact on the wear resistance. It 
helps in processing gears, bars landing gears, and turbine blades in the aerospace 
and automotive industries. In addition, it is used to process hip implants in the bio- 
materials industry [40]. 


10.7.2 FLAME HARDENING 


A gas flame glides over the component’s surface, raising the temperature to 850°C, 
followed by a water quenching nozzle that sprays water over the previously heated 
surface. There are several fuels available, including acetylene, propane, and natural 
gas. Another method version involves the flame head being stationary while the 
component moves at a predetermined rate, or the part spinning in front of the flame 
head before being quenched, as in spin gardening. The quenching mechanism might 
be incorporated directly inside the torch. This is the best approach for larger pieces 
and smaller amounts. The mechanical assessment of treated samples demonstrated 
a significant increase in microhardness compared to the untreated condition, reach- 
ing 76% for the treated sample after two hours at 850°C. Under a load of 10N, the 
geometry of the wear tracks shows that friction produces main adhesive wear.[41] 


10.7.3 INDUCTION HARDENING 


An alternating current electric current is provided near the component surface using 
water-cooled, prepared copper coils, generating an electromagnetic field that heats 
the part surface through eddy currents. Temperatures as high as 850°C have been 
recorded. At 500 kHz for 0.5 mm depth, low frequencies create a larger depth of heat, 
while high frequencies provide a smaller depth of heat at 500 kHz for 0.5 mm depth 
or 1 kHz for 5 mm depth. It generates a shallower hardness layer than, for example, 
flame hardening and has a shorter cycle time (seconds to minutes), making it suitable 
for small objects. Fast quench with water, oil, or air using a separate quench ring 
integrated with the coil assembly. Part complexity to fit a variety of inductor shapes, 
including pancake and coil (both internal and exterior). The impact of cryogenic 
treatments on the tribological properties of high-carbon chromium alloy steel after 
induction hardening The friction coefficient of general power induction with cryo- 
genic treatment is much lower than that of high power induction. Wear resistance 
and reduced friction may both be provided through cryogenic treatment. A cryogenic 
treatment boosts abrasion resistance by 34 times. Another significant effect of cryo- 
genic treatment is that the experimental variation in wear depth is reduced, meaning 
that material organization is more uniform.[42] 


10.7.4 CARBURIZING & CARBONITRIDING 


Carburizing is a thermochemical process in which carbon is diffused into the surface 
of low-carbon steels to raise the carbon content to an adequate level. Vacuum car- 
burizing is described as a brief immersion in carbon particles from the steel surface 
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layer. The particles arrive due to the reactive influence of the steel’s exterior on the 
carburizing environment. Carbon iotas are digested on the steel surface and sub- 
sequently diffuse toward the core as a consequence [43]. The carbon potential, as 
well as the capacity of the carburizing environment to provide carbon particles as 
a consequence of heated disintegration of air segments, is substantial. To boost the 
mechanical conductivity of designed segments, vaporous carbonitriding has long 
been utilized in combination with the carburizing cycle and other case-solidifying 
techniques. The vaporous carbonitriding process is often performed in carburizing 
heaters that include an endothermically determined carrier gas with alkali increases. 
The cycle temperature varies from 800 to 900 degrees Fahrenheit, which is 50 to 100 
degrees Fahrenheit lower than the temperature for carburizing. The inter-diffusion 
of iron and carbon at the interface affects the carburized layer-substrate adhesion 
behavior. Tribological and adhesion qualities increased after applying UNSM tech- 
nology to a carburized heat-resistant KHR 45A steel cracking tube, which may be 
attributable to the decrease in surface roughness and the increase in surface hardness 
of both the carburized layer and the KHR 45A steel cracking tube. Because of the 
hardened surface layer and variance in surface roughness of the surface of the KHR 
45A steel cracking tube, both pre-and post-carburizing UNSM treatments increased 
wear enhancement and scratch resistance.[44] 


10.7.5 NITRIDING 


Nitriding is a heat-treating procedure that introduces nitrogen into a metal’s surface 
to produce a case-hardened surface. The nitriding process starts at the surface of 
the component with the creation of a compound layer, the composition of which 
is highly dependent on the steel composition (in particular, the carbon content) 
[45]. The epsilon and gamma prime phases that develop inside this surface layer 
are the most common. Each possesses characteristics that improve the mechanical 
qualities of the casing, and the proportion of each may be adjusted through tem- 
perature and gas chemical composition. The thickness of the compound layer is a 
function of the material (plain-carbon steel forms a thicker compound layer than 
alloy steels), the temperature, the duration, and the composition of the process-gas 
mixture used. Nitrocarburizing operations on medium-carbon steels such as 1045 
in the pre-hardened stage (quench + temper). In particular, the epsilon (e) phase 
generated on the surface has a considerable impact on the reduction of the sliding 
friction coefficient and improvement of the wear resistance of a surface. It was also 
shown that nitrocarburizing is followed by oxidation, which has minimal influence 
on the friction coefficient but has a considerable impact on wear resistance. The wear 
resistance of nitrocarburized specimens is increased even more when they are sub- 
jected to oxidation, polishing, and further oxidation treatments. According to studies, 
ferritic nitrocarburizing of high-performance tool steels has been demonstrated to 
increase rolling-contact fatigue life, especially in high-stress, minimally lubricated 
circumstances. The iron-carbonitride compound layer is believed to be deleterious, 
but the diffusion zone under the surface is thought to be advantageous. M50 NiL is 
superior to ferritic nitrocarburized M50 NIL and untreated M50 NIL in terms of slid- 
ing wear performance. FNC does not influence this performance. The hardness of the 
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diffusion zone and the formation of substantial compressive residual stresses are the 
primary factors that contribute to the improvement in mechanical characteristics of 
the diffusion zone [46] (Table 10.2). 


10.7.6 [ON IMPLANTATION 


Ion implantation is a surface modification process that involves injecting ions into 
a substrate’s surface area. These techniques can increase the hardness, wear resis- 
tance, corrosion resistance, and fatigue resistance of substrate materials, extending 
the product’s service life. In an accelerator, high-energy ions with energies ranging 
from 10 to 200 keV are created and focused as a beam onto the substrate’s surface 
[53]. The kinetic energies created by the ions impingement on the substrate are more 
than four times more than the binding energy of formation of the solid substrate with 
the surface upon impact. In the near-surface area of any solid substrate, virtually any 
element may be injected. Plasma source ion implantation is the most current form 
of implantation. Plasma is used as a source in this type of ion implantation, which 
is normally stimulated from gas using an RF antenna. Products such as nitrides, 
borides, and carbides are often used in ion implantation operations [54]. 


10.7.7 FSP 


Friction stir processing (FSP) is an evolution of friction stir welding, which is a 
method that uses extreme plastic deformation and mechanical mixing to combine 
metallic materials in a solid state. FSP intends to change the microstructure of the 
surface layer of a metallic material workpiece, not to combine two pieces of mate- 
rial [55]. FSP has been used to increase the ductility, fatigue resistance, and remove 
microstructural flaws in a variety of metallic materials and alloys [56]. In the FSP 
process, a non-consumable spinning tool is plunged to the surface being treated until 
the tool shoulder touches the workpiece. The lateral translation is then utilized to 
cover the area of interest. The rotation of tool against the workpiece material deliv- 
ers a substantial heating and severe plastic deformation in the processed zone. This 
allows to process the low-melting-point and soft alloys such as aluminium, magne- 
sium, and bronze in recent years [57]. 


10.8 SUMMARY 


The present chapter explore the various surface engineering technologies used to 
improve tribological behaviour. Physical Vapour Deposition (PVD), Chemical 
Vapour Deposition (CVD), plasma and thermal spraying, sol-gel, cladding, and 
electroplating, and electroless are among the commercially employed coating tech- 
niques. Each technique has its own unique properties, advantages and disadvantages. 
Different types of surface modification techniques include flame hardening, induc- 
tion hardening, laser hardening, ion implantation, cladding, carburizing and nitrid- 
ing, all of which were used to improve surface properties such as friction, wear and 
corrosion resistance. Of these techniques, laser cladding and texturing have been 
widely used to create a complex surface on the substrate. Some of the processes use 


TABLE 10.2 


Summary of Surface Modification Process, Material and Tribological Behaviour 


Surface 
Treatment 
Process 


Shot-peening 


Flame hardening 


Induction 
hardening 


Laser hardening 


Carburizing and 
carbonitriding 


Process 


SP is a cold working procedure that uses 
high pressure to blast the component 
surface with spherical beads. 


Heat treatment procedure in which oxyfuel 
gas flames have immediately impinged 
on the hardened surface area, which is 
subsequently quenched. 

Induction hardening is the process of 
heating a material to a certain temperature 
using induction heating. A quenching 
media rapidly cools the temperature 
after it has been attained. This quick 
cooling creates a rigid and robust material 
microstructure. 

The energy from the laser beam is applied 
directly to the component surface during 
surface layer hardening. In a small area, 
the surface layer is heated to the hardening 
temperature (>1000°C) in a short amount 
of time. 

Carburizing is a method of hardening metal 
surfaces while leaving the metal beneath 
soft. The surface case, a thinner and harder 
layer of metal, is formed as a result of this. 


Treated 
Thickness 
(mm) 


0.2-2 


0.1-0.6 


0.05-1.5 


Surface 
Hardness 
Maximum (um) 


481 


600 


700 


700 


900 


Parent Material 


Al alloy, steels, irons, Ni 
and Ti alloy 


Harden able steels and 
cast irons 


Hardenable steels and 
cast irons 


Carbon and alloy steels, 
mg, al, Ti 


Low carbon steels 


Tribological Behaviour 


shot peening exerts a beneficial 
effect on tribological 
behaviour reducing wear and 
friction coefficient 

Improved wear resistance 


Correlation between hardness 
and wear resistance. The wear 
resistance of a part increases 
significantly with induction 
hardening, 


After laser surface treatment, 
the specimens’ microhardness 
rises to a higher degree than 
enhanced wear resistance of 
laser-treated specimens over 
untreated specimens 

Improved tribological 
performance, scratch 
resistance, load-bearing 
capacity, and metal adhesion 


Reference 


[47] 


[48] 


[49] 


[50] 


[44] 


CCT 
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Nitriding A heat treatment procedure introduces 
nitrogen into the surface of a metal to 


produce a case-hardened surface. 


Ion implantation A surface treatment method in which 
nitrogen or carbon ions are accelerated and 
forced to enter a component’s surface to 
impart wear resistance. Electron collisions 
in a plasma turn nitrogen or carbon atoms 
into ions, which are then focussed into 
a stream using magnets and propelled 
towards the substrate by a voltage gradient. 

Pressing a non-consumable tool into the 
workpiece and spinning it as it is driven 
laterally through it. 


Friction stir 
processing 


0.025-0.5 1200 Steels Tool steels (hot Nitriding can increase wear [45] 
working and HSS) resistance and improve 
bending and contact-fatigue 
properties. The ability of the 
nitrided layer to withstand 
thermal stresses improves part 
stability. 
0.001 1100 Al alloys, stainless steel, | Reduces sample wear and, to [51] 
tool steel and die steel, a lesser degree, decreases the 
ceramics, and polymers friction coefficient. 
1-2 All lightweight metal Enhancement of tribological [52] 


qualities as a consequence of 
refining of the hard phases 
existing in the alloy after FSP 
modification. 
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heat sources to transform the feedstock into liquids and semisolids in the form of par- 
ticles, droplets, and clusters, while the other techniques rely on the chemical sources. 
The thickness, microstructure, and functionality of the plasma/cold spray coating 
depend upon various parameters such as substrate materials, feedstock, and method 
of deposition. The conductivity was also the important factor to restrict the coating 
techniques to deposit polymers and ceramics. Multiple-layered coating has been rec- 
ognised as being the most effective technique for improving the surface properties at 
extreme environment. 

When it comes to engineering materials in terms of quality, performance, and life- 
cycle cost (among other factors), surface engineering is one of the most essential 
methodologies to be applied. The surface characteristics of materials have a substan- 
tial impact on the serviceability and durability of a component, and, as a result, they 
should not be overlooked throughout the engineering design process. The surface 
engineering technique delivers practical answers for challenging circumstances and, 
hence, surface engineering can be applied in various challenging areas such marine, 
automobile as aerospace and defence applications. 


REFERENCES 


1. Dohda, K.; Boher, C.; Rezai-Aria, F.; Mahayotsanun, N. Tribology in metal forming at 
elevated temperatures. Friction 2015, 3, 1-27, doi:10.1007/s40544-015-0077-3. 

2. Nilsson, M.; Olsson, M. An investigation of worn work roll materials used in the finish- 
ing stands of the hot strip mill for steel rolling. Proc. Inst. Mech. Eng. Part J J. Eng. 
Tribol. 2013, 227, 837-844, doi:10.1177/1350650113478333. 

3. Surfaces, I.; Relative, IN. Tribology of coatings. Tribol. Ser. 1994, 28, 33-124, 
doi:10.1016/S0167-8922(08)70753-3. 

4. Dimaki, A.V.; Shilko, E.V.; Dudkin, I.V.; Psakhie, S.G.; Popov, V.L. Role of adhesion 
stress in controlling transition between plastic, grinding and breakaway regimes of 
adhesive wear. Sci. Rep. 2020, 10, 1-14, doi:10.1038/s41598-020-57429-5. 

5. Swain, B.; Bhuyan, S.; Behera, R.; Sanjeeb Mohapatra, S.; Behera, A. Wear: A seri- 
ous problem in industry. Tribol. Mater. Manuf. - Wear, Frict. Lubr. 2021, doi:10.5772/ 
intechopen.94211. 

6. IEA World energy outlook 2021 — Revised version October 2021. 2021. 

7. Woydt, M. The importance of tribology for reducing CO, emissions and for sustainabil- 
ity. Wear 2021, 474-475, 203768, doi: 10.1016/j.wear.202 1.203768. 

8. Holmberg, K.; Erdemir, A. The impact of tribology on energy use and CO, emission 
globally and in combustion engine and electric cars. Tribol. Int. 2019, 135, 389-396, 
doi:10.1016/j.triboint.2019.03.024. 

9. Nilsson, M.; Olsson, M. Tribological testing of some potential PVD and CVD coatings 
for steel wire drawing dies. Wear 2011, 273, 55-59, doi:10.1016/j.wear.201 1.06.020. 

10. Podgornik, B.; Hogmark, S. Surface modification to improve friction and galling prop- 
erties of forming tools. J. Mater. Process. Technol. 2006, 174, 334-341, doi:10.1016/j. 
jmatprotec.2006.01.016. 

11. Rahmani, R.; Rahnejat, H.; Fitzsimons, B.; Dowson, D. The effect of cylinder liner 
operating temperature on frictional loss and engine emissions in piston ring conjunction. 
Appl. Energy 2017, 191, 568-581, doi:10.1016/j.apenergy.2017.01.098. 

12. Neville, A.; Morina, A.; Haque, T.; Voong, M. Compatibility between tribological surfaces 
and lubricant additives-How friction and wear reduction can be controlled by surface/ 
lube synergies. Tribol. Int. 2007, 40, 1680-1695, doi:10.1016/j.triboint.2007.01.019. 


Role of Surface Engineering in Tribology 225 


13 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


. Meng, Y.; Xu, J.; Jin, Z.; Prakash, B.; Hu, Y. A Review of Recent Advances in Tribology; 
2020; vol. 8; ISBN 4054402003. 

Sultana, A.; Zare, M.; Luo, H.; Ramakrishna, S. Surface engineering strategies to 
enhance the in situ performance of medical devices including atomic scale engineering. 
Int. J. Mol. Sci. 2021, 22, doi:10.3390/ijms222111788. 

Shibe, V.; Chawla, V. An overview of research work in hardfacing. Mech. Confab 2013, 
2, 105-110. 

Mozetič, M. Surface modification to improve properties of materials. Materials (Basel) 
2019, 12, doi:10.3390/MA 12030441. 

Technology, T.S.; Tucker, R.C. Introduction to coating design and processing. Therm. 
Spray Technol. 2018, 5, 76-88, doi:10.31399/asm.hb.v05a.a0005725. 

Fotovvati, B.; Namdari, N.; Dehghanghadikolaei, A. On coating techniques for surface 
protection: A review. J. Manuf: Mater. Process. 2019, 3, doi:10.3390/jmmp3010028. 
Uusitalo, M.A.; Vouristo, P.M.J.; Mântylă, T.A. High temperature corrosion of coatings 
and boiler steels in oxidizing chlorine-containing atmosphere. Mater. Sci. Eng. A 2003, 
346, 168-177, doi:10.1016/S0921-5093(02)00537-3. 

Khun, N.W.; Tan, A.W.Y.; Liu, E. Mechanical and tribological properties of cold- 
sprayed Ti coatings on Ti-6A1-4V substrates. J. Therm. Spray Technol. 2016, 25, 715- 
724, doi:10.1007/s11666-016-0396-6. 

Malayoglu, U.; Tekin, K.C.; Malayoglu, U.; Shrestha, S. An investigation into the 
mechanical and tribological properties of plasma electrolytic oxidation and hard- 
anodized coatings on 6082 aluminum alloy. Mater. Sci. Eng. A 2011, 528, 7451-7460, 
doi: 10.1016/j.msea.2011.06.032. 

Delaunois, F.; Lienard, P. Heat treatments for electroless nickel-boron plating 
on aluminium alloys. Surf. Coatings Technol. 2002, 160, 239-248, doi:10.1016/ 
$0257-8972(02)004 15-2. 

Krishnaveni, K.; Sankara Narayanan, T.S.N.; Seshadri, S.K. Electroless Ni-B coatings: 
Preparation and evaluation of hardness and wear resistance. Surf. Coatings Technol. 
2005, 190, 115-121, doi:10.1016/j.surfcoat.2004.01.038. 

Dong, D.; Chen, X.H.; Xiao, W.T.; Yang, G.B.; Zhang, P.Y. Preparation and properties 
of electroless Ni-P-SiO, composite coatings. Appl. Surf. Sci. 2009, 255, 7051-7055, 
doi: 10.1016/j.apsusc.2009.03.039. 

Chandra Yadaw, R.; Kumar Singh, S.; Chattopadhyaya, S.; Kumar, S.; Singh, C.R. 
Tribological behavior of thin film coating: A review. Int. J. Eng. Technol. 2018, 7, 1656, 
doi: 10.1441 9/ijet.v7i3.11788. 

Stoyanov, P.; Boyne, A.; Ignatov, A. Tribological characteristics of Co-based plasma 
sprayed coating in extreme conditions. Resul. Surf. Interf. 2021, 3, 100007, doi:10.1016/j. 
rsurfi.2021.100007. 

Cavaliere, P. Cold-Spray Coatings: Recent Trends and Future perspectives, 2017; ISBN 
9783319671833. 

Aliofkhazraei, M.; Macdonald, D.D.; Matykina, E.; Parfenov, E.V.; Egorkin, V.S.; 
Curran, J.A.; Troughton, S.C.; Sinebryukhov, S.L.; Gnedenkov, S.V.; Lampke, T.; et al. 
Review of plasma electrolytic oxidation of titanium substrates: Mechanism, proper- 
ties, applications and limitations. Appl. Surf. Sci. Adv. 2021, 5, 100121, doi:10.1016/j. 
apsadv.2021.100121. 

Sahoo, P.; Das, S.K. Tribology of electroless nickel coatings — A review. Mater. Des. 
2011, 32, 1760-1775, doi:10.1016/j.matdes.2010.11.013. 

Sivakumaran, I.; Alankaram, V. The wear characteristics of heat treated manganese 
phosphate coating applied to AlSi D2 steel with oil lubricant. Tribol. Ind. 2012, 34, 
247-254. 


226 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 
42. 


43. 


44. 


45. 


46. 


47. 


48. 


Industrial Tribology 


Chauhan, K.V.; Rawal, S.K. A review paper on tribological and mechanical properties 
of ternary nitride based coatings. Procedia Technol. 2014, 14, 430-437, doi:10.1016/j. 
protcy.2014.08.055. 

von Fieandt, L.; Fallqvist, M.; Larsson, T.; Lindahl, E.; Boman, M. Tribological prop- 
erties of highly oriented Ti(C,N) deposited by chemical vapor deposition. Tribol. Int. 
2018, 119, 593-599, doi:10.1016/j.triboint.2017.11.040. 

Din, S.H.; Shah, M.A.; Sheikh, N.A. Effect of CVD-diamond on the tribological and 
mechanical performance of titanium alloy (Ti6A14V). Tribol. Ind. 2016, 38, 530-542. 
Dobrzański, L.A.; Pakuła, D.; Kiiz, A.; Sokovié, M.; Kopač, J. Tribological proper- 
ties of the PVD and CVD coatings deposited onto the nitride tool ceramics. J. Mater. 
Process. Technol. 2006, 175, 179-185, doi:10.1016/j.jmatprotec.2005.04.032. 

Jafari, M.; Han, J.C.; Seol, J.B.; Park, C.G. Tribological properties of HVOF-sprayed 
WC-Co coatings deposited from Ni-plated powders at elevated temperature. Surf. 
Coatings Technol. 2017, 327, 48-58, doi:10.1016/j.surfcoat.2017.08.026. 

Kim, J.M.; Zhang, X.; Zhang, J.G.; Manthiram, A.; Meng, Y.S.; Xu, W. A review on 
the stability and surface modification of layered transition-metal oxide cathodes. Mater. 
Today 2021, 46, 155-182, doi:10.1016/j.mattod.2020.12.017. 

Muthaiah, V.M.S.; Indrakumar, S.; Suwas, S.; Chatterjee, K. Surface engineering of 
additively manufactured titanium alloys for enhanced clinical performance of bio- 
medical implants: A review of recent developments. Bioprinting 2022, 25, e00180, 
doi:10.1016/j.bprint.2021.e00180. 

Maleki, E.; Bagherifard, S.; Bandini, M.; Guagliano, M. Surface post-treatments for 
metal additive manufacturing: Progress, challenges, and opportunities. Addit. Manuf. 
2021, 37, 101619, doi:10.1016/j.addma.2020.101619. 

Matthews, A.; Franklin, S.; Holmberg, K. Tribological coatings: Contact mechanisms and 
selection. J. Phys. D. Appl. Phys. 2007, 40, 5463-5475, doi: 10.1088/0022-3727/40/18/ 
S07. 

Avcu, Y.Y.; Yetik, O.; Guney, M.; Iakovakis, E.; Sinmazgelik, T.; Avcu, E. Surface, sub- 
surface and tribological properties of ti6al4v alloy shot peened under different param- 
eters. Materials (Basel). 2020, 13, 1-22, doi:10.3390/ma13194363. 

Manuscript, A. ce Ac us pt. 2019, 5. 

Chang, Y.P.; Wang, H.Y.; Chu, L.M.; Wang, J.C. Effects of the cryogenic treatments on 
tribological properties of the high carbon chromium alloy steel after induction harden- 
ing. Proc. 4th IEEE Int. Conf. Appl. Syst. Innov. 2018, ICASI 2018 2018, 1214-1217, 
doi:10.1109/ICASI.2018.8394507. 

Rahel, M.; Tadepalli, L.D.; Balubai, M.; Sunil Kumar Reddy, K.; Subbiah, R. Tribological 
properties on p91 alloy steel treated with normalizing & carburizing process. Int. J. Eng. 
Adv. Technol. 2019, 9, 2078-2082, doi:10.35940/ijeat.A9573.109119. 

Amanov, A.; Choi, J.H.; Pyun, Y.S. Effects of pre-and post-carburizing surface modi- 
fication on the tribological and adhesion properties of heat-resistant khr 45a steel for 
cracking tubes. Materials (Basel) 2021, 14, doi:10.3390/ma14133658. 

Bhaskar, S.V.; Kudal, H.N. Tribology of nitrided-coated steel-a review. Arch. Mech. 
Technol. Mater. 2017, 37, 50-57, doi:10.1515/amtm-2017-0008. 

Flodstróm, I. Nitrocarburizing and high temperature nitriding of steels in bearing appli- 
cations. Thesis, 2012. 

Vaxevanidis, N.M. The effect of shot peening on surface integrity and tribological 
behaviour of tool steels. AITC-AIT 2006 Int. Conf. Tribol. 2006, 1-8. 

Khalaj, O.; Saebnoori, E.; Jirková, H.; Chocholaty, O.;Kucerovâ, L.; Hajšman, J.; 
Svoboda, J. The effect of heat treatment on the tribological properties and room temper- 
ature corrosion behavior of Fe-Cr-Al-based OPH alloy. Materials 2020, 13(23), 5465. 


Role of Surface Engineering in Tribology 227 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


Nissan, A.B.; Findley, K.O. Microstructures and Mechanical Performance of Induction- 
Hardened Medium-Carbon Steels; Elsevier, 2014; vol. 12; ISBN 9780080965338. 
Babu, P.D.; Balasubramanian, K.R.; Buvanashekaran, G. Laser surface hardening: A 
review. Int. J. Surf. Sci. Eng. 2011, 5, 131-151, doi:10.1504/1JSURFSE.201 1.041398. 
Jin, J.; Chen, Y.; Gao, K.; Huang, X. The effect of ion implantation on tribology and 
hot rolling contact fatigue of Cr4Mo4Ni4V bearing steel. Appl. Surf. Sci. 2014, 305, 
93-100, doi:10.1016/j.apsusc.2014.02.174. 

Aktarer, S.M.; Sekban, D.M.; Yanar, H.; Purcek, G. Effect of friction stir processing 
on tribological properties of Al-Si alloys. JOP Conf. Ser. Mater. Sci. Eng. 2017, 174, 
doi: 10.1088/1757-899X/174/1/012061. 

Liu, W.; Man, Q.; Li, J.; Liu, L.; Zhang, W.; Wang, Z.; Pan, H. Microstructural evolution 
and vibration fatigue properties of 7075-T651 aluminum alloy treated by nitrogen ion 
implantation. Vacuum 2022, 199, 110931, doi:10.1016/j.vacuum.2022.110931. 
Kennedy, D.; Xue, Y.; Mihaylova, E.; Kennedy, D.M.; Xue, Y.; Mihaylova, E. Current 
and future applications of surface engineering. Eng. J. 2005, 59, 287-292. 

Mishra, R.S.; Ma, Z.Y. Friction stir welding and processing. Mater. Sci. Eng. R Reports 
2005, 50, 1-78, doi:10.1016/j.mser.2005.07.001. 

De, P.S.; Mishra, R.S.; Smith, C.B. Effect of microstructure on fatigue life and frac- 
ture morphology in an aluminum alloy. Scr. Mater. 2009, 60, 500-503, doi:10.1016/j. 
scriptamat.2008.11.032. 

Lorenzo-Martin, C.; Ajayi, O.O. Rapid surface hardening and enhanced tribological 
performance of 4140 steel by friction stir processing. Wear 2015, 332-333, 962-970, 
doi: 10.1016/j.wear.2015.01.052. 


Taylor & Francis 
Taylor & Francis Group 


http://taylorandfrancis.com 


A Review on Tribological 
Investigations for 
Automotive Applications 


Vipin Goyal, Pankaj Kumar, 
Pradyumn Kumar Arya, Dan Sathiaraj and 
Girish Verma 


Indian Institute of Technology, Indore, India 


CONTENTS 
11.1: Introductions iscate aortă ana cea A a ac a ui ca ban aa daia Da bau one 230 
11.1.1 Automotive Friction oo... nenea nenea nana emana nana 230 
11.1:2: Tribological A poi ataca ao cana cadita seal 231 
11.1.3 Automotive Lubricants... eee eee nenea nana emana nana 231 
11.2 Tribology Phenomenon in Automotive Applications... eee 233 
11.3 Application Examples of Tribology in Automotive... eee cece 233 
11.3.1 Frictional and Wear Characteristics of a Cylinder and 
Pisto Assembly nnne aa aa a aa 234 
11.3.2 Friction of Different Clutches .....oooonocnincnncnonnnoncnnnnononnncnncnnnonaconnnnos 234 
11.4 Factors Affecting Tribological Performance in the Automobile................. 235 
11.4.1 Energy Losses in Vehicles........ eee emana 235 
11.4.2 Energy Losses in the Engine wo... nenea en enae 235 
11.4.3 Energy Losses in Lubricants ...oooonoconncnonnnonnonnnoncononanonnncnncnnnonncnnnonos 236 
11.5 Automotive Tribology... eee nene emana emana anemia emana ena nana 236 
IESE “Engel Sach ow be a tai ia 236 
11.5.1.1 Importance of Engine Tribology... eee 237 
11.5.1.2 Lubrication Regimes in the Engine... 238 
115.13 Engine Bearingii sis si pisat aaa iisas 239 
11.5.1.4 Piston Assembly... cena en 239 
11;5:1;5. Valve Traccion ceca dada a 240 
11.5.2 Transmission and Driveline... nenea nenea anna 240 
¡AA A ESA eta dea aa da a ca aaa 240 
11.5.2.2 Universal and Steady Velocity Joints... ee 241 
11:5.2.3: Wheel Bearing seca actor oa aaa a 241 
11524 “Drive: Chains). scie se 0.3 cnc iti atatea oa data că ua a 241 
11.6 Advance Development Trends... nenea nana emana nana 241 
11.6.1 Automotive Tribology oo... nenea nenea emana anna enae 241 
11.6.2  Nanotribology Developments and Industrial Needs ..................... 242 


DOI: 10.1201/9781003243205-11 229 


230 Industrial Tribology 


117, (Future: Research Work. ia 
11.8 Summary and Conclusions 
ReferenGes isc esses ai a at te eed ca eA ee cso ae RR eR 


11.1 INTRODUCTION 


Tribology analyzes interacting exteriors at the user interface of two substances in 
their relative motion and produces friction at the rubbing user interface. As a result, 
heat energy is made between two meting sides which triggers wear on either one 
or both substances [1]. It illustrates the consequences of friction, wear, lubrication, 
and circumstances that influence an automotive system’s energy losses. The word 
‘tribology’ derives from a Greek word, which means ‘the study of objects that rub’ 
[2]. Automotive manufacturing is rapidly expanding, with a global market revenue of 
almost US$1,700 billion during 2016 [3]. Modernization in automotive manufactur- 
ing is driven primarily by growing concerns regarding environmental impact, energy 
efficiency, and safety. 

Consequently, automobile manufacturers, research associations, and component 
providers are consistently engaged in broad research and development, with the 
expectation that the latest innovations will make them distinctive in an ever more 
competitive market [4]. In the USA, the Environmental Protection Agency (EPA) has 
placed a benchmark for new automobiles to achieve 36 miles per gallon by 2025 [5]. 
Minimizing energy shortfalls from automobiles is an essential factor in enhancing 
gasoline efficacy and reducing the quantity of gasoline needed to drive an automo- 
bile. Almost ~65% of the energy wasted in an automobile is dropped from the engine 
systems, meaning that an enhancement of the operation of engine systems appears to 
be the standard position to begin when seeking to improve fuel productivity. One 
specific approach to strengthening engine systems’ energy efficiency is to increase 
their tribological functioning [6]. Tribological components of engine systems include 
pistons, clutches, bearings, gears, and transmissions systems. Enhancing the tribo- 
logical functioning of engine systems can offer reduced gasoline and oil consump- 
tion, a fall in exhaust emanations and automobile maintenance, increased engine 
power output, and superior sturdiness. The tribological operation of engine systems 
can be enhanced in three distinct ways: coatings of body surfaces; the use of light- 
weight material for mechanical systems; and proper lubrication in automotive 
systems. 


11.1.1 AUTOMOTIVE FRICTION 


Lateral resistance toward the movement between dual contacting objects is called 
friction. The significance of its resistance is a function of the objects’ external char- 
acteristics, resources, and geometries, including their ecosystem and operational 
conditions [7]. 

Minimizing the friction of automotive components is advantageous in boosting 
the effectiveness of automobile performances. Friction rises along with an increase 
in load and component’s surface roughness, which can be reduced using a suitable 
lubricants [8]. When the two body comes in contact generally two laws of friction are 
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FIGURE 11.1 Schematic depiction of rotating and reciprocating friction. 


applied. According to the first law, a frictional force is directly proportional to the 
normal applied load independent of the nominal contact area. The second law states 
frictional force is directly proportional to the normal area, which provides the follow- 
ing equation as F = uN, where F is the frictional force, N is the normal load, and y is 
the coefficient of friction (COF). The frictional force is recorded by utilizing an 
apparatus called a tribometer. The coefficient of friction is measured by multiplying 
the normal applied. Rotating and reciprocating friction are shown in Figure 11.1. 


11.1.2 TRIBOLOGICAL WEAR 


The deficiency of materials arises due to skidding over the two-contact surface is 
called wear. Usually, wear headed to intensify friction and eventually to the failure 
of a subsystem, which is undesirable. Wear is typically curtailed by employing an 
appropriate lubricant to split the two rubbing contact bodies. The popular forms of 
wear are abrasive wear and adhesive wear [9]. 

A more rigid substance strip off a substance from a weaker one is called abrasive 
wear. When two contact substances hold on to other substances locally, the aim of 
substance is transported from one surface to another surface is called adhesive wear. 
The process of removing unevenness on the more rigid material by ploughing action 
is known as two-body abrasive wear, whereas removing asperity through ploughing 
action with the help of wear debris is referred to as three-body type abrasive wear. 
These two popular forms of wear are illustrated in Figure 11.2. Wear quantity can be 
evaluated either with regard to the amount of difference or the dimension of a worn 
region of the wear surface using optical microscopy or a profilometer. 


11.1.3 AUTOMOTIVE LUBRICANTS 


Lubricants are employed to split up two sliding planes in order to curtail friction and 
wear. It also transfers heat and impurities away from the surface interface. Lubricants 
are frequently deployed in liquid form, comprising oils and additional chemicals 
for the improved functioning of particular purpose in automobiles [10]. The perfor- 
mance of lubricated surfaces is mainly defined through viscosity. Due to this param- 
eter, it provides resistance to shear inside the fluid so that the resistance offered by 
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FIGURE 11.2 Illustration of abrasive and adhesive wear. 


viscosity is less than the resistance that occurred due to friction during the dry sliding 
of surfaces [11]. The magnitude of viscous friction is a function of fluid viscosity and 
working situations. Figure 11.3 illustrates the Stribeck curve of lubrication regarding 
the effect of various loads, relative speed, and viscosity on surface friction. It recog- 
nizes three primary schemes: boundary lubrication, mixed lubrication, and full-film 
lubrication. When fluid cannot sustain the applied load at low viscosity and speed or 
higher load, direct surface contact is created called a boundary lubrication scheme. 
When fluid surface splits into two surfaces at higher speed, viscosity or low 
applied load is known as a full film lubrication scheme. This is also referred to as a 
hydrodynamic lubrication scheme. A surface interface is separated through fluid 
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FIGURE 11.3 Schematic illustration of the Stribeck curve of lubrication scheme. 
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FIGURE 11.4 Formulation of lubricants. 


between the boundary lubrication scheme, and a hydrodynamic lubrication scheme 
is called a mixed lubrication scheme [12]. Figure 11.4 describes the formulation of 
lubricants with amalgamations of synthetic base oils or minerals. Lubricants are pre- 
pared to meet the requirements of a broad range of applications whose preparations 
start with amalgamations of synthetic base oils or minerals. Synthetic base oil is 
derived from plants, animals, natural gas, and crude oil, reinforced through chemical- 
based additives to enhance their optimal functioning [13]. 


11.2 TRIBOLOGY PHENOMENON IN AUTOMOTIVE 
APPLICATIONS 


Tribology in automotive applications is about contact surfaces, component materials, 
lubrication, and the interaction which governs their wear and frictional properties. 
The working condition of an internal combustion (IC) engine relies on tribological 
aspects of 100-300 moving parts, including engine systems working in the range 
of 2000-60,000 hours per year in applications, ranging from a commuter vehicle to 
more extensive commercial, automotive vehicles [14]. Friction remains a ubiquitous 
phenomenon in the automotive industry. For example, many issues that have a crucial 
impact on fuel consumption optimization are related to frictional phenomena, such 
as energy dissipation due to aerodynamic drag and the heating of moving engine 
parts. Furthermore, the durability of engine components can be severely compro- 
mised if effective lubrication treatments do not minimize the effects of friction. On 
the other hand, braking without friction would be hardly conceivable. Good adhesion 
properties between the road and the tires are necessary to guarantee adequate safety 
standards under all possible environmental conditions. 


11.3 APPLICATION EXAMPLES OF TRIBOLOGY IN AUTOMOTIVE 


Automotive vehicles consist of engines, chassis, bodies, electrical equipment. The 
engine contains fuel supply, lubrication, cooling, ignition, starting system. Tribology 
behavior plays a significant role in the performance of automotive bodies under 
motion. Some of the tribological outcomes are beneficial for the automobile, whereas 
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other have an adverse effect on its performance. In this section, the application exam- 
ple of a tribological phenomenon in automotive parts, such as piston, cylinder, clutch, 
adhesion of coatings on body parts, and hardness of materials used in the automotive 
parts, are discussed in detail. 


11.3.1 FRICTIONAL AND WEAR CHARACTERISTICS OF A CYLINDER AND PISTON 
ASSEMBLY 


ASTM G181 deals with the standard test methods of frictional and wear characteristics 
of a cylinder and piston assembly [15]. Piston rings are among the essential parts of 
an engine, and they contact cylinder walls in an airtight manner. High mechanical and 
tribological performance is needed for piston rings and cylinder surfaces at elevated 
temperatures. The fuel-saving and the efficiency of compression ignition (CI) and 
spark ignition (SI)-based engines are impacted by friction due to the presence of sev- 
eral moving components. However, no standard measurement exists for IC engines. 

In contrast, one-half of the frictional losses in IC engines is estimated to be occur- 
ring due to friction between liner and ring interface [16]. Due to variations of engines 
system and their working environment, standard test methods for calculating the 
energy losses in piston assembly permit the operators to select applied loads, differ- 
ent speeds, suitable lubricants, and the testing duration as per their convenience. 
Variables parameters, such as normal force, oscillation speed, testing temperature as 
well as duration, length of stroke, sample preparation of specific method, and suit- 
able lubricants, can be adapted for the assessment of energy losses [17]. 


11.3.2 FRICTION OF DIFFERENT CLUTCHES 


Measurement of coefficient of friction and their reporting are done in accordance 
with ASTM G115-10 standard, which also provides a manual for performing an 
applicable test for the frictional coefficient measurement of tribo-systems [18]. Apart 
from the negative effect of friction, some components require very high friction val- 
ues for efficient working. Clutch is an essential component for coupling shafts trans- 
mitting torque in various mechanical structures. In the automotive industry, different 
clutch plates are used to transmit motion without unnecessary slipping [19]. The fric- 
tion generated between the transmission and the engine delivers the required force to 
move the automotive vehicles. During the engagement of clutch plates, the frictional 
plate is inserted between the engine flywheel and a steel pressure plate through a 
fastener mechanism. In the event of there being insufficient pressure among pressure 
plate and flywheel, a frictional plate may slip; accordingly, the automobile will not 
operate appropriately. Wear of friction lining materials occurs due to friction at the 
running surface of the clutch plate. Commonly, it is believed that the frictional wear 
of the operating clutch surface is directly proportional to the frictional workforce, 
which can be understood through Equations (11.1) and (11.2). 


=- V 
Sp why 
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Where, S, is a strength of frictional clutch surface, V, is the wear volume, $, is the 
specific wear constraint of frictional lining material, f, is a frictional workforce of a 
clutch in a single coalition, m,, is the number of starts per hour of the clutch plate, A, 
is operating friction of clutch plate and ș,is the thickness of a frictional lining [20]. 


11.4 FACTORS AFFECTING TRIBOLOGICAL PERFORMANCE IN 
THE AUTOMOBILE 


The tribological performance is affected by a combination of variables, including 
temperature, pressure, lubricants, roughness, hardness, wear mechanism, relative 
movements, and materials, etc. [21]. Enhanced tribological performance of an engine 
part can result in lower fuel consumption, a higher output power of the engine, low 
oil consumption, lower emissions, better durability, and lower car maintenance. 
There are three methods for improving tribological performance: (i) improving the 
tribological features of vehicle component materials; (11) employing surface coat- 
ings; and (iii) using energy-efficient lubricants. 


11.4.1 ENERGY Losses IN VEHICLES 


IC engines are essential parts of vehicles because they transform the chemical 
energy of fuels into mechanical energy and allow pistons to move from top to bot- 
tom. Friction arises at the cylinder-piston interaction, resulting in frictional heat and 
approximately 60 to 65% of fuel energy loss in the form of heat [22]. Several forms 
of accessories, including air conditioning, wipers, and power steering, consume 
around 3 to 5% of the energy generated by the engine. Approximately 4 to 6% of 
energy is lost primarily on transmissions and other drive shaft components. However, 
some newly developed technologies in transmission systems, such as automatic man- 
ual transmissions and continuously variable transmission techniques, have reduced 
these losses significantly [23]. Aerodynamic drag in automobiles wastes about 2 to 
4% of energy which can be substantially reduced by utilizing a smoother exterior 
surface [24]. Some energy losses are due to vehicle inertia when traveling forward, 
and lightweight materials with ceramic constituents could be employed to minimize 
friction loss and wear. 


11.4.2 ENERGY LOSSES IN THE ENGINE 


The engine system is accountable for more than 60% of total losses in an automobile 
[25]. Those losses comprise cylinders’ energy loss of 20 to 25%, exhaust system 
losses of 25%, cooling losses of 10%, and friction losses of 10 to 12%, depicted in 
Figure 11.5 [26]. Because of such losses, approximately 30 to 40% of an engine’s 
total output power might potentially be utilized. The total output power within engines 
could be increased by 10 to 15% by minimizing cylinders’ energy loss, exhaust sys- 
tem losses, and friction losses [27]. Friction losses account for about 5 to 10% of 
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FIGURE 11.5 Energy losses in an engine. 


overall power losses in an engine [28]. The critical components of a vehicle engine 
that contribute to mechanical friction are piston assembly, bearings and crankshaft 
mechanism, and auxiliary valve drive. 


11.4.3 ENERGY Losses IN LUBRICANTS 


Lubricants may significantly improve the energy efficiency of automotive engines. 
Utilizing an energy-efficient commercial lubricant can save 4 to 8% of energy, 
resulting in lower carbon emissions. Lubricants produce a thin coating between two 
meeting surfaces of a vehicle, preventing them from rubbing against each other and 
wearing [28]. After an extended usage period, the lubrication tends to degrade or 
become inefficient and needs to be replaced. The depreciation of lubricants is caused 
by several variables, including a thermal breakdown of lubrication, oxidation, micro- 
dieseling, contamination, and additive depletion. The oxidation of lubricants pro- 
motes corrosion and rust in automobile parts. The thermal stability of lubricants is 
related to their temperature; therefore, as the lubricant gets heated, its thermal stabil- 
ity decreases. 


11.5 AUTOMOTIVE TRIBOLOGY 
11.5.1 ENGINE 


The enhancement of engine performance, as well as their efficiency, are primary 
requirements for automotive industries to manage greenhouse emissions and com- 
bat climate change. Therefore, the performance and efficiency of an engine may be 
increased by improving the fuel efficiency of automobiles while minimizing the vari- 
ous energy losses from the engine. Lower mechanical and thermal efficiency is the 
primary disadvantage of IC engines since up to 60% of the fuel energy is lost through 
friction and heat energy. According to various research, it is found that IC engines 
operated by motor vehicles are responsible for between 60 and 70% of worldwide 
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FIGURE 11.6 Percentage fuel energy distribution in an IC engine. 


air pollution [29]. Figure 11.6 depicts the distribution of the fuel’s energy of the IC 
engine in the most extensive context. 

The enhancement of tribological performance of the engine may result in reduced 
exhaust emission and fuel consumption by employing suitable materials with excel- 
lent tribological properties as well as an improved lubrication system. 


11.5.1.1 Importance of Engine Tribology 

In the last 10 to 15 years, engine tribology research has progressed rapidly, with pis- 
ton assemblies, valve train parts, and engine bearings receiving particular attention as 
the primary frictional components in vehicle engines. Figure 11.7 exhibits percent- 
age frictional and mechanical losses distribution in an IC engine. 

Engine tribology plays an essential part in developing, researching, and quality 
standards of several components for IC engines. The piston assembly is the most 
significant source of frictional losses in IC engines; however, IC engines’ energy 
efficiency can be increased by supplying sufficient lubrication between the cylinder 
and piston. Engine frictional losses due to a piston sliding against the cylinder wall is 
approximately 60 to 70% of overall frictional losses. In contrast, engine bearings, 
valve trains, gears, and transmission lines are 30 to 40% of overall frictional losses. 
Tribological studies are needed to diminish wear and friction for all engine rotating 
parts by providing proper lubrication. Improved tribological effectiveness of IC 


Piston Assembly 
50-60% 


FIGURE 11.7 Percentage frictional and mechanical losses distribution in an IC engine. 
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engines results in less fuel consumption, better mechanical power, less harmful pol- 
lutants, more excellent reliability, better engine life, less engine maintenance, and 
better service periods. Tribology has multiple fundamental aspects, including Tribo- 
system, Tribo-film, and the Stribeck Curve, to evaluate automobiles’ friction and 
wear behavior [20]. The tribological coatings of various lightweight and high- 
strength materials are another critical aspect of the Tribo-system. Tribological coat- 
ings can be used to reduce friction and protect elements from wear. Tribo-films are a 
solid surface film that occurs due to the chemical reaction of lubricant surfaces and 
help reduce or eliminate friction and wear in lubricated systems. 


11.5.1.2 Lubrication Regimes in the Engine 

Lubrication is the process of minimizing wear and friction between movable contact 
areas by providing a friction-reducing layer between them. This friction-reducing 
layer, often referred to as a lubricant, might be a solid, liquid, or plastic substance, the 
most prominent of which are oil and grease. Lubricants perform several functions: 
minimizing wear and friction; reducing corrosion; maintaining temperature and heat; 
transmitting power; and establishing a liquid sealing. Lubrication regimes specify the 
nature of lubrication film and are classified into three categories, boundary, mixed, 
and full film, as shown in Figure 11.8. Boundary lubrication is related to metal-to- 
metal interaction and occurs when the equipment is started and stopped frequently, as 
well as under heavily loaded conditions. There are two types of full-film lubrication 
known as hydrodynamic and elastohydrodynamic lubrication. Several parameters, 
such as load, speed, motion, and temperature, affect the engine’s tribological perfor- 
mance, which must be analyzed before the lubricant selection. The first parameter 
of the tribological system is a type of motion such as sliding or rotary motion. When 
motion between two contact surfaces is sliding, hydrodynamic lubrication theory 
would be used for analysis, whereas elasto-hydrodynamic lubrication theory would 
give better results for rolling motion. 

The tribological system’s second parameter is speed, classified into three catego- 
ries: slow, moderate, and fast. The third tribological variable is temperature, which is 
extremely important because the work efficiency of the lubricants varies with the 
temperature changes. A tribo-engineer can precisely identify a lubricant that will 
provide the best possible operating performance by determining the temperature of 
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FIGURE 11.8 Lubrication regime. 
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the tribological system. Load is the fourth tribological parameter, and it has a signifi- 
cant impact on the lubrication requirements. The working environment is the last 
tribological variable, and it also has a substantial effect on lubrication requirements. 
The tribo-engineer researched various lubricant chemistries to determine the system 
and its parameters so that the optimal lubricant could be chosen for multiple 
applications. 


11.5.1.3 Engine Bearing 

The critical function of engine bearing is to assist and allow the rotating motion of 
the crankshaft connecting rod and camshaft during the engine function. Incorrect 
bearing selection and design can cause various issues, ranging from low oil con- 
sumption to complete engine failure. One of the most excellent essential features of 
a bearing would be its higher rate of embeddability, which means it is more likely to 
catch up foreign particles, preventing them from scoring the crankshaft or floating 
in the oil film. Plain bearings, often known as sleeve bearings, are the most com- 
mon and widely used nowadays. Bearing material selection could influence various 
characteristics such as engine lifespan, corrosion resistance, fatigue resistance, and 
detonation due to higher load capacities. In recent years, Babbitt, copper-lead alloy, 
and aluminum have been among the most extensively employed as bearing surface- 
coating materials to improve automobile engine performance further. The thickness 
of such a coating applied to the surface of bearing materials is between 0.01 and 
0.02 inches. Babbitt is one of the oldest bearing surface coatings, but it is also one 
of the least efficient and long-lasting nitro and alcohol engines today [30]. On the 
other hand, copper-lead alloy bearings are particularly resistant to fatigue and highly 
durable for both race and street engines. 


11.5.1.4 Piston Assembly 


The piston assembly is the center of the engine system. The piston’s primary func- 
tion is to convert the energy produced by the combustion of gasoline into valuable 
mechanical energy. The most frequently used piston assembly materials are alumi- 
num alloys and cast iron. Aluminum alloy pistons are commonly used because they 
have high conductivity, allowing more excellent heat dissipation and heat transfer. 
The piston assembly system consists of piston ring, cylinder liner, piston, and con- 
necting rod. Piston rings are critical to ensuring that the piston and cylinder valve 
is adequately sealed. There are two types of piston rings: compressor ring and oil 
regulator ring. The tribological characteristics of piston rings seem highly compli- 
cated due to the broad load, speed, temperature, and lubricant accessibility. All the 
lubrication regimes (boundary, mixed, and full film) exist at the cylinder wall sur- 
face, and piston rings for one operating cycle. The lubrication regime varies from 
full film lubrication to boundary lubrication as the piston system moves from bottom 
dead center to top dead center; however, in the middle position, mixed lubrication is 
sustained. To reduce friction and wear, the piston rings, piston, and cylinder liner are 
coated, further improving engine performance. Thus, lubrication analysis is needed 
to understand the complicated relationships between wear and lubrication. Wear 
occurs due to mechanical interactions of surfaces, and corrosion occurs in the top 
portion of cylinders, causing engine failure. Wear is also influenced by the surface 
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smoothness of the piston rings and cylinder liner. During engine running, the surface 
finish of the piston rings, cylinder liner, and piston skirt influences oil retention and 
decreases scuffing. 


11.5.1.5 Valve Train 


The primary purpose of the valve train is to transform rotational camshaft move- 
ment into linear valve movement so that airflow into the combustion chamber can 
be controlled. Friction is an essential factor when selecting a valve train for an 
IC engine. Typically, two types of followers are used: roller follower and sliding 
follower. Roller follower is the optimum arrangement for valve train compared 
to sliding follower because roller contact gives a smaller coefficient of friction. 
Friction losses in the valve system are approximately 5—10% of mechanical losses, 
which is less than piston assembly. The inclusion of friction modifier chemicals 
like molybdenum dithiocarbonate into the lubricating oil reduces the friction coef- 
ficient in the valve train [31]. The wear of valve seats and their grooves seems to be 
a significant issue in the valve train that influences engine performance. So, mate- 
rials for valve seats are chosen that are resistant to wear and corrosion and have 
high-temperature strength. The materials used for the inlet valves are hardened 
low alloy steel. Still, the materials used for the exhaust valves are hot hardened 
stainless steel because they require more excellent corrosion resistance and high- 
temperature strength. 


11.5.2 TRANSMISSION AND DRIVELINE 


11.5.2.1 Transmission 


The transmission system consists of clutches and transmission bands that trans- 
mit power from the engine. The tribological study is essential for optimizing the 
vehicle’s performance and durability. The primary function of an automatic trans- 
mission system is to transfer engine power to the driveshaft and in an actual wheel. 
It comprises two essential tribological components: steel reaction plates and fric- 
tion-lined clutch plates. Various clutch plates such as compound clutch plate, band 
clutch, and torque converter clutch are utilized in automatic transmission systems. 
Dynamic and static friction torque seem to be essential clutch performance factors 
because they depend highly on transmission fluid attributes. The transmission fluid 
significantly affects chatter, stationary holding strength, and the friction connection 
between clutch materials and transmission fluid. Automobile manufacturers sug- 
gest the use of automatic transmission fluids that contain friction modifying com- 
pounds to ensure the best transmission performance [32]. The quantity of clutch 
energy wasted during clutch engagement operation could impact the life of the 
transmission fluid and the clutch friction materials [33]. Higher substrate tempera- 
tures of clutch begin to reduce clutch durability due to excessive power dissipation, 
but selecting the suitable transmission fluid can extend clutch life. In conclusion, 
clutch and band friction properties, the viscosity of transmission fluid, fluid shear 
consistency, fluid oxidation, and wear characteristics of friction material all have a 
significant impact on the complete performance and endurance of the transmission 
system. 
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11.5.2.2 Universal and Steady Velocity Joints 


Universal joints have been necessary to deliver energy from the significant driveshaft 
to the vehicle’s tyres. The whole assembly is encased inside a rubber boot and packed 
with grease, whereas rolling elements, raceway grooves, and cage initiate connection 
inside the joint. Where grease plays an essential role in reducing the friction of the 
mating components [34]. When shafts are aligned with the rolling element, no more 
friction occurs while they are misaligned with its axis during the oscillating motion. 
This leads to high friction, wear, and the breakdown of common elements due to 
severe damage. Long-term use of these joints may cause the balls and raceways to 
wear out, resulting in reduced geometrical quality. 


11.5.2.3 Wheel Bearing 


Wheel bearings guide the wheel and support shafts and axles by absorbing axial 
and radial forces. It is designed to resist high loads and high levels of environmental 
stress by reducing the friction of the wheel. Axial forces are produced during corner- 
ing, which acts out on the wheel bearing in the direction of the longitudinal axis. 
At the same time, radial forces are produced at a right angle to the longitudinal axis 
because of the rotation of wheels. The depreciation of wheel bearings occurs due to 
robust axial and radial forces as well as extreme cornering, which affects the service 
life of wheel bearings. The service life of bearings can be improved by implementing 
proper lubrication of the rolling element of bearing with lubricating oil and grease. 
Wheel bearings are responsible for stable driving performance, and it is a significant 
safety component for automobiles. 


11.5.2.4 Drive Chains 


Chain drives are used in automotive engines to control the operation of additional 
components and connect with many other parts such as chain guides and sprock- 
ets, as well as tensioners. During the operation of the drive chain, high noise and 
friction occur, which can be reduced by lubrication. Generally, two techniques are 
used in lubrication: splash lubrication and jet lubrication. The chain is immersed in 
the sump, where splash lubrication techniques lubricate it. However, when lubricant 
impinges on the chain, it becomes lubricated by jet lubrication techniques. Wear on 
guide surfaces occurs due to chain tension which influences stress between guides 
and chains. As a result, the wear mechanism escalates on bush and pin contact sur- 
faces, resulting in chain elongation after some time and loss in automobile efficiency. 


11.6 ADVANCE DEVELOPMENT TRENDS 
11.6.1 AUTOMOTIVE TRIBOLOGY 


Forthcoming aspects of the automotive system tribology in expansion and revolution 
include technical advancement, low fuel efficiency, eco-friendly system, the better 
utilization of lubrication, high durability, and profitability. There is a need to address 
problems such as friction, wear, and fracture. This is very important to improve the 
life of the automotive component either by modifying surface technology or changing 
the material, or by using the appropriate lubrication in different operating conditions. 
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FIGURE 11.9 Various approaches for enhancing the fuel efficiency [1]. 


Develop a lubricant and additives added to reduce the effect of friction between the 
two rubbing surfaces, improving the life of automotive components [34]. The addi- 
tive will enhance the life of the lubricant and make it environment-friendly. It will 
also be helpful to reduce emissions and improve fuel economy. Additive mixed lubri- 
cant is highly compatible with the new ferrous material [35] and does not create any 
toxic element during the operation. In addition to the numerous methodologies for 
enhancing fuel efficiency is demonstrated in Figure 11.9. Lubricating oil is the way 
to maximize an engine's energy efficiency. 


11.6.2 NANOTRIBOLOGY DEVELOPMENTS AND INDUSTRIAL NEEDS 


Surface adhesion forces dominate the automobile components in lubricated con- 
nections as the size of the components varies from macroscale to nanoscale. 
Nanolubrication plays a vital role in improving automobile performance [36]. It is 
defined as a lubrication system essential to control the friction, adhesion, wear, and 
stiction of tribo-surfaces coming into contact at the nanoscale. As a result, nanolubri- 
cation must be considered to identify specific mechanisms distinct from those seen 
in traditional lubrication [38]. When the size of components decreases, the necessity 
to lubricate and secure the interfaces of these components rises. The authors did a 
literature survey to discover the industrial requirements for nanotribology or nanolu- 
brication technology innovation. The following criteria have been observed: 
Design of nanostructured materials: 


a. Develop nanostructured materials with a strength of 5 to 10 times the con- 
ventional steel. 

b. Use multifunctional materials to minimize wear, friction, and corrosion. 

c. Inclusion of nanoparticles or nanomaterials coating to achieve excellent 
wear resistance and low friction. 

d. Materials reinforced with nanoparticles can replace metallic components in 
automobiles. 
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11.7 FUTURE RESEARCH WORK 


The future growth of the automotive industry will look for an enhancement in 
the performance of automotive vehicles by improving their tribological phenom- 
enon whose primary focus will be on replacing heavy automotive subparts, large- 
scale surface design, and mineral-based oil lubricants. A tribological prodigy în 
an automotive system can be reduced by using lightweight automotive subparts; 
nanoscale surface designed parts; the use of water gases; reproducible oil-based 
lubricants with minimum supply; and on-purpose control wear particles and run- 
ning in surfaces. 


11.8 SUMMARY AND CONCLUSIONS 


This chapter primarily focused on a comprehensive summary of automotive tribo- 
logical components, effects of friction, wear, energy losses in automotive systems, 
and various lubrication characteristics in an engine and drive train, as well as trans- 
mission system. The main conclusions derived from this chapter are as follows: 


a. In the area of automotive tribology and lubrication systems, along with 
various lubricants, a lot of special provisions have been made to enhance 
the performance as well as the efficiency of automobiles. In the upcom- 
ing decade, the tribological issues in automobiles will be more complex 
in response to improving fuel economy and reducing hazardous emissions 
through automobiles. Thus, the durability and wear resistance of tribologi- 
cal components need to be addressed for efficient engines systems with 
higher specific outputs. 

b. Manufacturing investigators are acquiring lightweight materials for trans- 
mission systems and engines. Currently used heavyweight cast iron blocks 
will be replaced by non-ferrous alloys such as Al- and Mg-based alloy to 
meet their tribological constraints. 

c. This chapter reviewed the recent automotive lubricant improvement involv- 
ing the analysis of present and projected upcoming requirements of automo- 
tive engine oils. 

d. In automotive industries, the technologies involved in systems and sub- 
systems are moving from macro- to nanoscale, overshadowed by apparent 
adhesion forces. Hence, nanolubrication establishes distinctive structures 
that diverge from conventional lubrication. In this chapter, existing progress 
and upcoming developments in nanotribology have also been discussed. 
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12.1 INTRODUCTION 


Automotive vehicles are classified as follows: petroleum, gaseous, electric, and hybrid 
electric vehicles. Based on their usage, the automotive sector is categorized into 
four segments: two-wheelers, three-wheelers, passenger, and commercial vehicles. 
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The usage of automobiles is slowly increasing to meet the day-to-day requirements of 
human necessities [1-3]. According to the records of the International Organization 
of Motor Vehicle Manufacturers (OICA), nearly 4,4401,850 units of vehicles were 
sold or registered globally in Q1-Q2 2021 with 29% growth as compared to Q1-Q2 
2020 [4]. Passenger vehicles and two-wheelers currently dominate the national and 
international market needs. In India, 231,633 units of passenger vehicles, 9,397 units 
of three-wheeler, and 1,055,777 units of two-wheelers are sold as per the records of 
the Society of Indian Automobile Manufacturers (SIAM) in 2021 [5]. The strong 
growth in sales is attributable to the rise in population and increased buying power. 
The combustion of fuels inside the petrol engine leads to pollutants being emitted 
into the atmosphere. The huge number of petroleum-based vehicles, leading to the 
emission of CO, CO,, nitrogen, etc., had led to an increase in atmospheric tempera- 
ture and thereby resulted in global warming [6, 7]. The reciprocating internal com- 
bustion (IC) engine is prone to significant emissions of carbon and releases heat into 
the environment. Generally, the energy generated within the engine cylinder is trans- 
formed into heat, heat for power transfer, and/or energy to resist friction and wear 
losses, resulting in the tribological interaction of an automobile’s moving compo- 
nents. It has been observed that the energy distribution will vary according to engine 
type and operating conditions [6, 8]. Nearly 60% of the energy is lost as heat, either 
in the engine or in the exhaust system, depending on the combustion situation 
(Figure 12.1). Mechanical activities may incur an extra frictional loss of up to 15%, 
leaving just 25% of the original energy accessible in the form of braking force [3, 9]. 
To overcome the emission of pollutants and heat energy from the combustion 
of engines, green energy regulations have been implemented by the governments 
with the aim of reducing the tribological issues in the automobile industry [10, 11]. 
One major change is found in the locomotives, where almost 80% of the diesel-run 
locomotives are being converted into electric motor run locomotives. The US 
Environmental Protection Agency (USEPA) defines green engineering as the “design 
commercialisation and use of processes and products those are technically and 
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FIGURE 12.1 Fuel energy distribution in an IC engine based automobile. 
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FIGURE 12.2 Bottom view of an automobile layout. 


economically feasible by reducing the cause of pollution and risk associated with 
human health and the environment” [10, 12, 13]. The automobile is built on the con- 
cept of vehicle dynamics, durability (warranty), life cycle, damage ability, repairs, 
and crashworthiness, in spite of the energy used to operate the automobiles or auto- 
motive vehicles, whether driven by IC engines or by electrical motors. The layout of 
an automobile with different subsystems involved in transmission power is shown in 
Figure 12.2. By contrast, the critical components involved in automobile vehicles 
driven by IC engines as well as electric motors are presented in Figure 12.3. 

Tribology deals with the friction, wear, and lubrication of contacting surfaces 
while they are moving relative to one another [14, 15]. Accordingly, tribology test- 
ing is intended to simulate the conditions encountered in real-world situations. 
Tribology plays a vital role in the automotive sector because friction, wear and 
lubrication are commonly dissipated in automotive vehicle [16-19]. Various compo- 
nents of an automotive vehicle will interact with each other, and the life of such 
components has to be extended by improving tribological characteristics. Automotive 
tribology starts from the drive connection of prime mover/motor to the road wheels 
through: (i) the power train (transmission system); (ii) the suspension and braking 
system; (iii) the steering system; (iv) the electric power and lighting system; and (v) 
auxiliaries. 

Tribology has become an important subject for both the researchers and the manu- 
facturers in the modern manufacturing arena as it is a topic which deals with the 
moving/running components/bearings regardless of the driving mechanism or prime 
mover [16]. Almost every moving element must overcome a degree of friction in 
order to perform its function. It is mandatory to maintain the friction and wear at their 
optimum levels, and thus bearings have to function with low friction and wear, 
whereas brakes have to have high friction and low wear. Accordingly, automobiles 
have varying frictional requirements and low wear. For instance, IC engines should 
have low friction and wear in order to improve the efficiency. Considering the recent 
developments in the field of automotive industries, the objective of this chapter is to 
present the fundamentals of automotive tribology. A detailed discussion is provided 
on current and past innovations in the motor vehicle industry to improve the tribol- 
ogy characteristics. The primary objective of this chapter is to concentrate on the 
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tribological aspects of the automobile or related vehicles run by IC engines, electrical 
motor or batteries and hybrid electrical vehicles. 


12.2 AUTOMOBILE TRIBOLOGY PHENOMENA 


An automobile contains many components, including an engine, chassis, body, and 
electrical equipment. The engine is equipped with a gasoline delivery system, lubri- 
cation system, cooling system, ignition system, and starting system. Today, however, 
the trend is changed to electric vehicles with combustion inside the engine cylinder 
is being replaced by electric power in terms of electric motors or batteries to control 
or reduce environmental pollution [19, 20]. The electrical automobile vehicles (EAV) 
are run either by Direct Current (DC) motor or battery or fuel cell or fuel cell hybrid 
systems, something which has attracted researchers and manufacturers over the past 
decade. This has also led to the advancement of an alternative solution to decrease 
not only greenhouse gas emissions but also the extent of global warming. However, 
tribological issues (friction and wear characteristics) can be observed on the recipro- 
cating/sliding components. For example, the contact between the vehicle wheels and 
the road could cause friction, which is needed to maintain stable movement of the 
vehicle. Here, in addition to the load and speed, the environment plays a vital role on 
the degree of friction. This can be seen clearly in the motion of vehicles during rainy 
seasons. The water molecules between the road and the tyres could act as a lubricant, 
which reduces the friction and may cause the vehicle to slip. 


12.3 TRIBOLOGY AND THE VEHICLE BODY 


The vehicle body is built on the chassis according to its size, which is determined by 
the seating capacity (passenger car) or transport products (a truck) or other require- 
ments of the cabin, such as a 4-wheeler, a 6-wheeler, or other variations. There are 
many types of vehicle bodies that vary in terms of their function (passengers, cargo- 
passenger, trucks, and special type), as well as their structure (non-skeleton, skel- 
eton, and half-skeleton) [1, 2]. In addition, it is built to reduce and absorb all of the 
shocks and bumps that an automobile encounters while being driven on the road. 
A vehicle’s body must be sturdy enough to resist all sorts of forces, including the 
weight of the automobile, inertia, baggage, and the cornering, and braking forces 
occurring on it. Stresses that are produced in the body should be dispersed uniformly 
across the whole body. The body should be as light as feasible in order to maximise 
performance with a decent amount of fatigue. 

When an automotive vehicle travels at high speeds, the air exerts a force on the 
vehicle according to its height and breadth, thereby resisting aerodynamic forces. 
During severe weather with strong airflow (floods), an arbitrarily-shaped body has 
high air resistance, which implies that there is a greater loss of engine power and the 
body subjected to various environmental conditions. Hence, the body must be 
designed and built to withstand forces acting in the opposite direction of the drag 
force as well as the other perpendicular direction of motion (i.e., lift force). The mag- 
nitude of friction drag and drag pressure depends upon the shape of the body. For 
example, a flat plate portion experiences only friction drag, resulting in the bending 
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of the body surface undergoing corrosion or corrosive wear, whereas the flat portion 
perpendicular to the direction of flow exerts pressure drag which may lead to break- 
age or cracks in the body. In such situations, the drag and lift force depends on the 
co-efficient of drag or lift [1, 2]. 

Various materials, such as nickel, steel, and aluminium alloy sheets, are used in 
the manufacture of the vehicle body. The prime reason for using steel sheets for the 
body structure is its inherent capability to absorb impact energy in a crash situation. 
At present, Al usage in the automotive industry has grown due to its low density and 
high specific energy absorption performance and good specific strength. The use of 
Al can potentially reduce the weight of the vehicle body, thereby it helps to enhance 
the fuel efficiency. Recent developments have shown that up to 50% weight saving 
for the body is achieved by the substitution of steel by Al alloys (AA) [21]. AA are 
used for body structures, chassis applications, closures and exterior attachments such 
as crossbeams, doors or bonnets. 

In addition, the vehicle is subjected to shear force in one direction and pressure 
force in the other. As such, the multidirectional forces acting on the vehicle’s body 
lead to aerodynamic friction, which further resulting in erosive and corrosive wears. 
Hence, the body is built by considering such technical issues and suitable materials 
to overcome the wear, corrosion and other environmental conditions, which will 
improve the tribological properties. Therefore, the automobile body has to withstand 
the extreme environment operating conditions and often demand highly corrosion- 
and wear-resistant coatings to ensure the long-term functionality of technical sys- 
tems. In addition, the thermal spraying of Al,O, via atmospheric plasma spraying 
(APS) or flame spraying are among the commercially used coatings on the vehicle 
body. Therefore, coatings and painting are a good way to mitigate such drawbacks 
due to environmental conditions [22]. 


12.4 TRIBOLOGY IN THE PRIME MOVER 


The prime mover is responsible for delivering the power for all of the numerous 
operations that the vehicle or any component of it may be required to execute on 
its own. The prime mover is typically composed of an internal combustion engine, 
which may be either spark ignition (petrol engine) or compression ignition (diesel 
engine). Power is generated inside the engine cylinder through the combustion of 
hot gases and their expansion, which push a piston within the cylinder, converting 
the piston’s reciprocating movement into the rotational motion of a crankshaft con- 
nected by connecting rod and thus it is known as an IC engine. The piston is the most 
critical component of an engine because it makes airtight contact with the cylinder. 
Thermal conductivity, mechanical performance at high temperatures, excellent run- 
ning-in, and wear resistance are all important characteristics of pistons and cylinders 
to develop the required output power. The sectional view of the piston inside the 
cylinder is shown in Figure 12.4. 

Engine tribology is an important factor to minimise fuel consumption, lube oil 
consumption, vehicle hazardous emissions, service requirements, and longer service 
lives, while simultaneously improving engine power production, durability, depend- 
ability, and engine life, among other things [19]. The motion and the movement of 


Tribology in the Automotive Sector 253 


Ah o fă 


iai Connecting Rod 
Crank Shaft 


FIGURE 12.4 Piston assembly and piston ring function of an IC engine. 


the piston and its related piston assembly, bearings, valve train etc., are the main 
components of the engine. In the process of the development of power, the said com- 
ponents or parts do undergo wear and tear; they develop friction over the contact 
surface, which affect tribological behaviour. Therefore, the study of automotive tri- 
bology is important. 

Generally, around two-thirds of the friction loss in an engine is caused by piston 
skirt, piston rings, and bearings (66%); the valve train, crankshaft, gear-box and 
related gears make up the rest (34%). The movement of the piston surrounded by 
rings and the skirt of the piston against the cylinder wall contribute a major portion 
to friction loss in power generation and power train [19]. Good engine performance 
depends greatly on the piston assembly’s ability to reduce friction and wear behav- 
iour. In the area of piston ring or cylinder bore contact, many research possibilities 
may be explored by developing low friction coatings, wear-resistant coatings, sur- 
face texture, and some other surface treatments. Though friction and wear cannot be 
eliminated, they can be reduced. At present, there is a continued emphasis on improv- 
ing tribological characteristics by reducing the friction so as to increase the IC engine 
power output, which is developed inside the cylinder around 700 °C and above tem- 
perature. At this junction, the material science is an option available for designers 
and manufacturers to produce IC engines based on the requirements as per SAE 
guidelines. In the production process, cast-iron or cast AA is used for engine blocks, 
whereas grey cast-iron for cylinder head if required power is more, else cast AA is 
preferred. The pistons are manufactured by forged AA, piston rings, and gudgeon 
pins by nickel steel, connecting rod by alloy steel or AA and crankshafts is manufac- 
tured by forging of medium carbon alloy steels [16, 23, 24]. 

The cylinder liner surfaces are widely investigated for the better understanding of 
frictional losses, emissions, and oil consumption. In such a process, surface texture 
can be used to monitor and manage the control of the production process. Engine 
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cylinder liners with the optimal surface texture help to provide efficient running in, 
minimal friction, low oil consumption, and good motor engine operating characteris- 
tics for effective power and minimal fuel consumption. Linear surface texturing help 
to improve the tribological properties of a piston ring—cylinder liner frictional pair 
[25]. In order to reduce the wear on the piston rings, dual-layer coatings in a combi- 
nation of hard (diamond-like-carbon (DLC) or tungsten carbide (WC)) and soft 
(epoxy composite) are carried out on the piston rings via physical vapour deposition 
followed by epoxy/graphene/base oil SN150. During the operation of the engine, the 
top ring (uncoated) has the lowest wear rate compared to the middle and lower rings 
of the piston in all the conditions of being coated (DLC/EGNSN & EC/EGNSN) or 
uncoated. By contrast, the uncoated rings (bulk material) lose more mass than dual- 
coated rings, resulting in smaller wear volume and hence a lower wear rate. Notably, 
the dual-coated top rings solely experienced soft layer wear, with no intermediate 
hard layer or ring bulk material wear [26]. 

Accordingly, the impact of tribology on energy usage leading to the emission of 
CO, CO, and such toxic pollutants from IC engines worldwide has resulted in the 
replacement of IC engine runs with petroleum-based fuels or gases. Gear change is a 
difficult procedure in IC engines. Indeed, the environmental issue and scarcity of 
petroleum fuels, which resulted in an increase of gasoline prices, led to development 
of electrically powered automobiles [19, 20]. Whatever type of vehicle runs on the 
road, tribology plays an important role. The tribology relating to EAVS is explained 
in the following section. 


12.4.1 TRIBLOGY IN ELECTRICAL AUTOMOTIVE VEHICLES (EAVS) 


EAVs as an alternative solution not only decrease greenhouse gas emissions but also 
combat global warming. EAVs use electrical motors for propulsion. The efficiency 
of electrical motors (EMs) is almost three times that of IC engines, which can be 
observed from the direct current motor (DCM), and also it is possible to achieve the 
efficiency with DCM as maximum as possible around 78% from between 40 and 60 
KW motors [27]. The other advantages of EMs over IC engines are that the EMs do 
not produce soot during their working and also the non-contamination of lubricating 
oils leading to not only environmental care but also extended oil services. The power 
generated in an automobile has to be utilised by the transmission system from part to 
part or section to section, to reach road wheels which produces friction [28]. 

Although EAVs develop substantial higher efficiency in terms of energy con- 
sumption, and at the same time more challenges have to be faced. Such challenges 
can be overtaken by the way of reduction of energy losses developed in EMs and 
power electronic devices, consisting of battery functioning, cabin heating/cooling 
and ventilation, air dragging, and friction. It is seen that about 57% of the total elec- 
trical energy supplied to an EAV is utilized only to overcome the friction losses [7]. 
Hence, the friction is to be reduced by improving the tribological properties or devel- 
opment of suitable tribological working conditions. 

The power developed is distributed as follows: 1% in the electrical motor (EM), 
3% in mechanical transmission loss, 41% in the rolling resistance, 12% in brakes 
and the rest in friction losses [2, 27]. Hence, OLA Manufacturers have planned to 
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produce two lakhs electric driven two-wheelers per day to replace petrol/gas-run 
two-wheelers. Subsequently, General Motors has announced that it would stop pro- 
ducing IC engine light motor vehicles by 2035 as part of its plan to become carbon- 
neutral by 2040. Further, the friction is predominated in either the roller bearings or 
reciprocating parts and it plays a major role in the transmission of power from the 
motor to the road wheels, via transmission mechanism. Once the friction is gener- 
ated, the next effect is the wear between two or more moving contact surfaces. Hence, 
the reduction of wear is an important aspect since it leads to not only wearing out of 
the contact surfaces in motion but also generates heat. With suitable lubrication, the 
reduction of friction and wear may happen and also attain better tribological condi- 
tions in any automobile. 


12.5 TRIBOLOGY IN THE POWER TRAIN OR TRANSMISSION 
SYSTEM AND DRIVING SYSTEM 


Power is transferred from the engine to the driving wheels, via the transmission sys- 
tem consisting of clutch, then gearbox, propeller shaft, differential gear, rear axle (or 
front axle as the case may be) and road wheels with braking subject to wear. 


12.5.1 PROPELLER SHAFT 


A propeller shaft, also known as a drive shaft, is a component that transfers torque 
from the transmission to the transfer case and driving axles. The drive shaft is stressed 
by torsion or shear as it carries torque; as a result, it must be able to withstand the 
load while avoiding the addition of too much weight, which will simply increase their 
inertia. While the vehicle travels on the road, it has to experience rough road condi- 
tions containing ups and downs. Thus, the propeller shaft has to withstand shear force, 
transfer layer torque, higher dynamic and vibrating forces to the rear axles. Otherwise, 
the vehicles cannot run at this junction. While doing so, high friction takes place and 
this, in turn, leads to more wear and tear. Moreover, the drive shaft is employed dif- 
ferently in front-wheel drive, four-wheel drive, and front-engine, i.e., rear-wheel drive 
in automobiles. It is also seen in motorbikes, locomotives, and ships. Hence, a hollow 
and a solid shaft move relative to each other. A rubber element is placed between the 
sliding tube and sliding shaft to absorb shocks. In addition, the engine and the gearbox 
are linked to the vehicle’s frame, via flexible mountings or bearings, which help to 
improve tribological conditions and smooth operating motion. Thus causes a change 
in the length of the propeller shaft, which is adjusted by the slip joint so as to reduce 
vibration. Generally, the propeller shaft is manufactured with tabular hardened alloy 
steel and sometimes it is comprised of steel, spring steel and Al/SiCp composites [24]. 


12.5.2 CLUTCHES 


A clutch is a device that sits between the flywheel and the gearbox and acts as aa 
regulator of the movement of electrical power to the flywheel. In normal situations, 
the clutch engages and transfers power from the motor to the gearbox. When the 
power flow takes place, the clutch engages and the power is transmitted depending on 
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the speed requirements. When it is in neutral, the motor runs but the vehicle remains 
stationary. Foot pedals control the clutches in four- and six-wheelers; by contrast, 
hand levers control clutches in two- and three-wheelers. In the process of transmis- 
sion of power from the flywheel to the gearbox, friction is generated between the 
clutch plates and the spring due to unexpected loads when operating at higher speeds, 
which also causes wear on the clutch plates and increased heat generation. In addi- 
tion, when the pedal is just partially pressed/only half-pressed, the clutch is subjected 
to maximum wear, tear and also noise is generated. Thus, a good clutch design with 
suitable material to resist wear and co-efficient of friction (CoF) is found neces- 
sary. Since the friction is developed during the working conditions, it is necessary to 
reduce the friction leading to lower wear and tear of clutch plates, to attain improved 
tribological properties. 

Hence, different clutch plates are used. Among them, the usually used clutch 
plates are shown in the following: 


i. Friction clutch plates are usually produced by cast-iron and high carbon 
steel and possess high compressive strength, with higher resistance to fric- 
tion without ductility. 

ii. In the case of a pressure plate clutch, grey cast iron is used, since it pos- 
sesses high hardness and can be easily machined. 

iii. In the process, wet and dry clutches are employed, depending on the lubri- 
cation type. 

iv. The electromagnetic clutch eliminates the need for lubrication with reduc- 
tion in friction and wear by embedding solid lubricants into the base material. 


As a result, the research is focused on varying parameters like temperature, rotation 
speed, and load. The wear and frictional characteristics of Cu-based friction pairs in 
wet clutches are investigated through a pin-on-disc tribometer. The CoF of Cu-based 
friction pairs remain steady at 120 °C. When the temperature reaches 420 °C, the 
CoF starts to vibrate. The CoF increases from 0.28 y to 0.35 u from 120 °C to 270 
°C and falls to 0.30 y from 270 °C to 420 °C. Similarly, as the temperature rises from 
120 °C to 420 °C the wear factor increases drastically from 7.9 x 1078 g/Nm to 112.2 
x 1073 g/Nm followed by increased abrasive and ploughing wear mechanisms at a 
lower temperature of 345°C; and it drastically increased adhesive and delamination 
wear mechanisms above 345°C [29]. Later, the wear behavior of paper-based friction 
materials with and without carbon fibers is investigated using a pin-on-reciprocating 
plate tribometer with changing sliding speed and normal force under boundary lubri- 
cation. The paper-based friction materials containing carbon fibres had higher fric- 
tion and wear properties than those without carbon fibres because the sliding contact 
fractured the carbon fibres, perhaps contributing to the wear growth [30]. 


12.5.3 GEARBOX 


A gear is a device with two-toothed circular wheels fitted on shafts for power trans- 
mission. The gear mechanism is essential in transferring power from the engine to 
the driving wheels. Components of the gear mechanism include a hand lever for 
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changing the gear speed; clutch; an idler; lay shaft; spur gears; lock washer, lock- 
ing ball and spring; bearing; bearing rollers; pinion driver; and gear retaining ring. 
When the engine is running, the gear arrangement will be in the normal position, 
1.e., allowing direct power transmission from the clutch to the gear input shaft, via 
the gear shaft, and output splined shaft without any change in speed; this is also 
known as the neutral position. Depending on the requirement of speeds, the road 
wheels have to be controlled/operated through a gear lever by the driver. Thus, while 
the vehicle is running and changing speed, the gear wheels are prone to friction, 
wear, and tear, resulting in tribological difficulties. To minimise such tribological 
issues, the gears are designed to ensure high durability and resistant to corrosion, 
friction and wear. The gears are often made of cast iron or alloy steel, although they 
are hefty. As a result, researchers and modern manufacturing industries are working 
to develop gears with low weight and high specific strength. At this junction, light 
weight MMCs (AA MMCs) are found to be more useful/advantages, since hybrid 
MMCs exhibit high specific strength, improved wear resistance and tribological 
characteristics to withstand high thermal working condition. 


12.5.4  AXLE ASSEMBLY AND WHEELS 


The axle shafts are located at the front and back of the vehicle, with a drive to con- 
nect the road wheels at front and back; they are termed as Front Wheel Drive (FWD) 
and All-Wheel Drive (AWD) automobiles, respectively. An automobile cannot move 
without an axle component. They just transfer power from the engine motor (as the 
case may be) to the wheels, and sustain vehicle self-weight and dynamic force while 
running. In a FWD vehicle, power is delivered from the engine to the transaxle, 
where transmission and differential are fused/merge into one in the transaxle when 
shear stresses are produced. In contrast, newer AWD cars feature a more sophisti- 
cated transaxle. The casing holds the crown wheel and differential gears (box) as 
well as two half-shafts on a rear axle, which is mounted either on a leaf spring or on 
a coil spring. The springs and components of the braking systems are also supported 
by this structure. The differential gearbox is connected to the propeller shaft by a 
knuckle joint with a splined end, so that the torque from the gearbox is transmitted 
to the road wheels. As a consequence, a significant amount of friction is generated, 
which not only reduces mechanical efficiency but also leads to excessive wear and 
tear, resulting in tribological issues. Therefore, the selection, design and manufacture 
of the components play an increased role. In addition, the front axle has to steady the 
dynamic motion of the vehicle whereas the rear axle bears the forces and loads while 
stationary as well as running. As such, the axles are manufactured with high-strength 
materials, namely carbon steel or nickel alloy steels. 


12.5.5 Roan WHEELS/TYRES 


Wheels are vital components of a vehicle because they carry the whole weight of 
the vehicle (passengers or cargo) and protect it from road shocks, even at high 
speeds while running with passengers or loads. In addition, the rear wheels must 
transfer power/torque to the front wheels and steer the vehicle. As a result, all of 
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the wheels have to withstand and resist the barking pressures while balancing and 
enduring side thrust so as to maintain perfect balance. Hence wheel alignment is 
vital. The wheel alignment has to facilitate easy steering effort, differential stabil- 
ity and minimal tyre wear. Friction is generated throughout the running process of 
wheels, which is a significant factor since each wheel develops around 2% to be 
considered the COF of the rolling tyre. The wheel is an assembly of three main 
components, consisting of the wheel drum or disc, the brake drum and rubber tyre 
housing a tube (filled with air). 

The wheel drum is often made of alloy steel, whereas the brake drum is made of 
cast iron having high strength and ductility, which can absorb shocks and resists 
wear and tear. The wheels are made up of steels are longevity, high strength and 
toughness. The steel wheels are quite cheaper than the alloy wheels because the 
manufacturing process consists of stamping the wheels into the desired shape. 
However, the steel wheels possess many disadvantages because the weight of the 
wheels is heavy and thus this will increase the unsprung weight of the vehicle; such 
conditions force to trash out the suspension system after a certain period. Moreover, 
steels are easily oxidised and corroded due to environmental changes leading to the 
formation of corrosion and pitting wears. With the growth of automobile indus- 
tries, alloy wheels have come into existence, which are made up of Al and Mg 
alloys. This is because they are lightweight and thus help to reduce the overall 
weight of the vehicle and improves millage, braking system and acceleration. 
Furthermore, it distributes the minimal load to the coil spring, resulting in improved 
grip and traction. In comparison to steel wheels, the alloy wheels transfer heat 
faster; thereby, it helps to improve the life of the tyre. Moreover, these wheels are 
corrosion-proof. 

Natural rubbers is used to manufacture tyres and tubes, although synthetic rubber 
is also used. The braking mechanism on the wheels depend entirely upon the resil- 
iency of the tyres from road shocks and hence the tyre body plies are composed of 
cotton cord fabric in the production of rubber tyres. The inside of the wheel is an 
endless tube of rubber fitted with a valve through which air is pumped and retained 
under pressure. 


12.5.6 STEERING MECHANISM 


When a driver rotates the steering wheel in their hands, the steering mechanism 
converts that rotary action into an angular motion of the front wheels, which sub- 
sequently turns the automobile in a desired direction. So, the steering system has 
to satisfy the leverage of the driver’s efforts to make the vehicle turn effortlessly. 
The front wheels are attached to knuckle spindles that are visible in tapered roller 
setup and assembled in a steering gearbox. The steering gearbox and steering mecha- 
nism of an automobile are prone to load variations, fluctuation, and vibration at high 
speeds and shocks when travelling over uneven surfaces, which may cause damage 
to the steering system. So, in order to avoid wear and tear as well as friction, the 
gear bearings and sealed washers must be capable of withstanding jolts and torsional 
vibrations. Furthermore, proper gear mechanism and lubrication are required to solve 
such challenges. 
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12.6 TRIBOLOGY IN THE BRAKING AND SUSPENSION SYSTEMS 
12.6.1 BRAKING SYSTEM 


Brakes are the devices used to slow down or stop a vehicle. Braking is required to 
reverse the vehicle’s acceleration and lead it rearward. During the braking operation, 
the vehicle’s kinetic energy is converted to heat and dispersed into the air; thus, the 
brakes are more important in vehicle control. The braking system acts on the wheels; 
it is controlled by a foot pedal/hand. Friction resists the motion of the vehicle, when 
a moving vehicle is abruptly stopped by applying brakes. The motion of the brake 
shoes/pads creates friction between the brakes and the braking drum/disc and then 
tyre-road friction slows or stops vehicle motion. In the present scenario, the majority 
of low-weight vehicles employ disc brakes rather than drum brakes [31]. Thus, the 
tribological characteristics of discs and pads have a considerable impact on the brak- 
ing process. The discs are often made of grey cast iron due to its excellent wear and 
frictional resistance, high thermal efficiency, and anti-vibration characteristics, but 
they are heavy in weight. So, discs made with composite materials have developed, 
particularly for sports cars. Brake friction components may wear out in many ways. 
The major prevalent kind of wear is abrasion, which occurs when friction parts rub 
against each other. Scratching, micro-grinding, and groove development cause the 
material loss of the pads. 

Different forces are applied on the vehicle during braking operation; for example, 
an overall force is applied on the moving vehicle that causes it to slowdown is referred 
to as the braking force. When the pressure applied on the brakes, the friction between 
the breaks and tyres produces work to retardation of vehicle’s kinetic energy thereby 
slowing it down. While the vehicle runs on the wet roads, high braking effect at the 
front would lead to the skidding of the front wheels, due to a decrease in weight 
transfer. Manual, servo, or power brakes are used in general in automobiles. When 
the brake pedal is pressed, cam turns through linkages. The cam turns the shoes out- 
wards, causing them to come into contact with the retarding drums, which eventually 
stops the wheel and the vehicle. On the release of the brake pedal, the retracting 
spring helps the brake shoes return to their original position and release the brakes, 
allowing the vehicle to move after a halt. Hence, many forces act on the components 
of the braking system, causing wear, tear, and increased friction, resulting in heat and 
sometimes developing vibrations and noise, resulting in tribological issues [12, 32]. 
Therefore, proper lubrication is needed as per the SAE standards. Further, it is sug- 
gested to produce the parts with 2-D solid lubricants reinforced metal matrix com- 
posites so as to reduce tribological issues and enhance the mechanical efficiency of 
the vehicle. 


12.6.2 SUSPENSION MECHANISM 


Suspension is the mechanism that links a vehicle to its wheels and permits rela- 
tive motion. There are a number of components in a vehicle’s suspension system, 
including springs, linkages, dampers, and shock absorbers, as well as wheels and 
tyres. Such components are subjected to undergo shocks due to self-weight, and 
passenger loads while running at various speeds, followed by the variation in torque 
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while transferring thrust or twist to the wheels during the travel on even surfaces. 
Therefore, laminated leaf springs or coil-type springs are used to join the frame 
over the axle and the front axle. In addition to friction, the frame, axles and suspen- 
sion systems are exposed to wear and tear during function, causing severe tribologi- 
cal difficulties due to high dampening forces, tensile and shock loads. Accordingly, 
leaf springs and coil springs with shock absorbers are undergoing compression 
during the heavy loads/thrust force and release to restore its original position after 
the release of surfaces. Hence, flexible materials such as stainless steel and spring 
steels are used to manufacture springs. In addition, springs need to be lubricated 
since they oscillate and then return to their previous position, causing friction and 
wear [12, 21, 33]. Therefore, suitable and appropriate lubricants are necessary for 
applications. 


12.7 LUBRICANTS 


Friction is developed during the contact surfaces of two or more components in 
action. Once the friction is developed, it immediately leads to wear and tear on the 
contact surfaces and also generates heat resulting in tribological impact. Therefore, 
a proper lubricant has to be applied between the contact/moving parts such as gears, 
bearings, rollers, clutches, steering system, brakes, etc., in automotive vehicles. 
Hence, in order to minimize the frictional resistance between the contact or sliding 
surfaces, a proper lubricant is applied and the resulting phenomenon is called lubri- 
cation [28, 34]. 

Whatever the type of lubricant, it has to possess the following characteristics so as 
to (i) minimise frictional resistance, (ii) reduce the developed heat, (iii) control defor- 
mation or prevent deformation, (iv) inhibit the passage of moisture, (v) allow the 
moving components to move more smoothly, (vi) keep the cost-effective mainte- 
nance of machine components, (vii) reduce the corrosion, (viii) prevent the asperities 
on the surface by interlocking or interjoint welding and (ix) mitigate the amount of 
noise produced by bearings and other components. The lubrication regime varies 
with the approach or separation of moving contacts. The asperity locations in various 
lubrication regimes and the asperity state of the lubrication regime are shown in 
Figure 12.5. The sealing action of the piston ring and cylinder liner are lubricated 
with a partial contact. 


12.7.1 THIN FILM OR BOUNDARY LUBRICATION 


A small film of lubricant is deposited onto the metal surface of the two contact 
parts. This helps in the prevention of direct metal-to-metal contact. A thin layer 
of oil is supplemented to the shaft when it first begins to rotate, or when the speed 
seems to be very minimal or the load is extremely high, or when the viscosity of 
the lubricant is extremely low. This phenomenon separates two contacting surfaces 
by forming a thin film layer of film [1, 14, 35]. In such boundary lubrication, the 
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FIGURE 12.5 Stribeck curve and various lubrication regimes. 


grease is applied to journal bearings, slider bearings to avoid wear or to minimise 
friction. 


12.7.2 Fruin FiLM OR HYDRODYNAMIC LUBRICATION 


A thick layer of fluid lubricant with a thickness of 1000 A? is applied between the 
sliding surfaces, for the prevention of direct surface-to-surface contact and thereby 
minimising friction as well as wear and tear [1, 14, 36]. Such lubricants as SAE 
10W30, SAE 10W60, SAE OWS, SAE 20W 40 and so on are used in the operation of 
high contact pressure surfaces such as roller bearings, gear teeth, cam and followers. 
In addition, they are specifically used in sensitive machinery equipment such as sew- 
ing machines, watches, clocks, sensitive and scientific and measuring instruments, 
speedometers, and gyroscopes. 


12.7.3 EXTREME PRESSURE LUBRICATION 


When the rotating interfaces are subjected to high pressure as well as speed, frictional 
heat is generated, resulting in a significant increase in surface temperature [37]. This 
occurs specifically at crankshaft and main bearings, crankshaft and camshaft bear- 
ings, universal joints, bearings and distributors, locker arm, safety values and so on. 
In such circumstances, special lubricants such as chlorinated esters, sulphurized oils, 
and tricresyl phosphate are used. 
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12.7.4 CLASSIFICATION OF LUBRICANTS 


Superior lubricants have to possess low pressure, a low freezing point, and strong 
oxidation resistance with a high boiling point. There should be no decomposition at 
operating temperatures because of the non-corrosive nature of the material [38]. The 
commonly used lubricants are presented in the following: 


i. Lubricating oils (animals & plants) are generally used in diesel engines to 
lubricate the engine components and bearings available in gearboxes, steer- 
ing, gearbox and other equipment. 

ii. Mineral or petroleum lubricants (in the form of either liquid or semi-solids) 
are derived from petroleum distillation and use in almost all mating surfaces 
in automobile vehicles, tractors, three-wheeler, two-wheeler vehicles and 
agricultural machinery. 

iii. Solid lubricants: The lubricating oils and mineral oil-based semi-solid 
lubricants perform anti-wear and anti-friction media between the contact 
or mating surfaces for smooth functioning [39, 40]. But they cannot be 
applied always since they are subjected to undergo reaction in the oxidized 
atmosphere and also solidify, causing greasy circumstances in the mating 
components might become stuck. Further, sedimentation is formed and will 
not be able to reach various interior/intricate places between the mating 
components. Hence, the solid lubricants have come into existence in the 
modern nanotechnological world. The solid lubricants such as Gr, h-BN, 
MoS,, WS,, CNTs and so on are used due to their characterisation and 
properties to withstand the extreme environmental and surrounding work- 
ing conditions, pressure, temperature and space applications. Therefore, SL 
nanoparticles are blended with engine lubricants to reduce wear and friction 
between engine components. They can also be used as reinforcements in the 
fabrication of light-weight-to-high-strength automobile components. Such 
MMCs will reduce the adhesive wear and CoF between the parts and will 
thereby enhance the tribological properties. 


During the application of any kind of lubricant, the quality as well as the most essen- 
tial characteristics, such as viscosity, flash and fire points, cloud and pour points, 
aniline point, neutralisation number, and mechanical strength, have to be taken into 
consideration based on SAE standards. Further, with the growth of the research on 
lightweight material and MMCs and pollutants due to emission from the automotive 
vehicles, a concept of green tribology has come into existence which is presented in 
the following section. 


12.8 GREEN TRIBOLOGY 


In recent years, there has been a growth of investigations into sustainable lubrication 
in the tribological environment in automotive vehicles. It is observed that the lubri- 
cants disposed into the atmosphere after their usage in machine parts poses a serious 
threat to the flora and fauna. The disposed wastes not only contain toxic harmful par- 
ticles, but also metallic wear debris. Recent research studies have revealed that there 
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FIGURE 12.6 Aspects of green tribology. 


is a serious concern about the use of mineral oil lubricants. As a result, bio-lubricants 
and their additives are recommended to prevent such negative consequences [10]. 
Such activities paved the way for the identification of means and methods for the 
effective usage of biofuels as lubrication media leading to green tribology. The green 
tribology deals mainly with the science and technology of tribological aspects of 
environmental and biological impacts associated with various tribological systems. 
It is more compatible to that of normal tribology characteristics, which is one of the 
important factors from the energy consumption point of view. 

Further, green energy and green chemistry are the two closely linked areas of 
green tribology. Green tribology mainly deals with interdisciplinary areas attributed 
to various concepts relating to energy, material science and technology, process mon- 
itoring, green bio-lubrication, surface topology, environmental studies including 
waste disposal. The concept of green tribology is outlined in Figure 12.6. 


12.9 CONCLUSIONS 


The present chapter addressed the tribology-related issues in various automobile 
components. It is evident that tribology played a vital role in emission characteristics. 
Design modifications, the use of composites, the lubrication system, and lubricants 
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were effectively used for controlling the friction and wear of the automobile compo- 
nents. The influence of different types of lubricants on tribology performance was 
dominant in automobile industries; however, it is quite difficult to maintain the lubri- 
cation system because of the contamination generated during the operation. Hence, 
a solid lubricant-reinforced composite comes into existence for tribology applica- 
tions. Though solid lubricants controlled the friction and wear, it is very challenging 
to improve the interface strength of reinforcement particles and matrix. Hence, a 
today’s research was heading towards enhance the interface strength between the 
solid lubricants and matrix, which is also capable of reducing the emissions, as well 
as being environmentally friendly. 
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13.1 INTRODUCTION 


Tribology and corrosion are the two major problems that exist in nature from the 
inception of the world. Tribological study reveals the phenomenon of friction, wear 
and lubrication in between the mating surface under applied load. was Although they 
have been mentioned briefly in previous chapters, this chapter gives a fuller discus- 
sion of both corrosion and tribocorrosion. It is very well known that friction con- 
sumes roughly one-third all energy used in transportation. The CO, emissions are 
several times higher for a combustion engine car than an electric car. The IC engine 
1s used as the power source for major transportation. Only 21% of fuel is effectively 
converted fuel energy into mechanical energy of engine in the passenger vehicles, as 
shown in Figure 13.1. 

It has been mentioned that approximately 200,000 million litres of fuel is used 
yearly to overcome the friction in passenger cars. Thus, the reduction of frictional 
losses in engine may lead to a threefold increase in fuel economy and also a reduc- 
tion in both exhaust and cooling losses. It also decreases the remanufacture of worn 
parts and spare equipment due to corrosive wear. The total CO, emission due to 
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FIGURE 13.1 Breakdown of Internal combustion engine- passenger car energy consump- 
tion. ([1].) 


friction and wear is estimated to be about 8120 Mt/year, including transportation, 
manufacturing, power generation, residential and others. Moreover, the frictional 
losses in electric cars are almost half of the frictional losses in IC Engine cars [2]. 
However, the development of new materials for use in manufacturing industries for 
the development of cutting tools, drill bits, mining, and high wear resistant parts, due 
to its superior qualities with regards to its thermal, chemical, and mechanical proper- 
ties, is very much required to improve the wear resistance of the parts that are used 
in manufacturing industries [3]. Further, the engine oil that are used for transporta- 
tion of vehicles also degrades and decomposes into corrosive sulfur-derived prod- 
ucts, these degradations are the primary aspects, causing corrosive wear at the piston 
ring/cylinder contact. The corrosive media can be gone deeper into the fatigue cracks 
of piston, and these will accelerate the wear and fatigue on the surface of piston ring. 


13.2 CORROSION 


Corrosion is one of the major reasons for the failure of metal components. Although 
corrosion cannot be eliminated from metals, its intensity can be reduced through the 
selection of suitable materials, such as new alloys or protective coatings and films 
were deposited on the metal surface [4]. Further, to enhance the corrosion resistance 
on the metal surfaces, various types of protective coatings can be used. The most 
common eight forms of corrosion are briefly discussed here. 


13.2.1 Major FORMS OF CORROSION 


e Uniform (general) corrosion. 
Uniform corrosion is the most common form of corrosion; it takes place in fer- 
rous materials and alloys where the surface is not protected through coating, as 
shown in Figure 13.2(1) [5]. It occurs on many different materials such as steel, 
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FIGURE 13.2 Form of corrosion. 


aluminum, copper, which commonly become victims of uniform corrosion. 
This form of corrosion occurs more or less uniformly throughout the thickness 
of the material. These types of corrosion eat into the material and reduce the 
thickness. This is continued until the metal is completely vanished. 

e Galvanic (two-metal) corrosion. 
Galvanic corrosion is occurred on non-homogeneity materials, such as metals 
and alloys, as shown in Figure 13.2(4). It is an electrochemical process where 
the metal corrodes when the potential is applied/flow between bimetallic sub- 
strate that are immersed in electrolyte. The rate of corrosion is dependent upon 
the potential applied and the distance between two metals. The low standard 
electrode potential decreases the corrosion resistance of the specimen [6]. 

e Crevice corrosion 
Crevice corrosion is a localized corrosion that occurs in crevices on the surface 
of a metal that contains water, mud, dirt, biofouling, etc. This form of cor- 
rosion is occurred only on a few areas of surface, where the other surface is 
unaffected by crevice corrosion, as shown in Figure 13.2(3). The stagnation of 
water inside the crevice leads to the development of crevice corrosion, which 
accelerates the electrochemical reacting that leads to the corrosion. [7] stated 
that crevice corrosion has taken place in the higher chloride concentration and 
temperature above ~35°C. 

e Pitting corrosion. 
Pitting corrosion is another localized form of corrosion that occurs on the 
metal surface at various coordinates of same substrate, as shown in Figure 
13.2(2). Pitting corrosion occurs when the passive layer of protective coating 
is damaged over a larger area when compared to the exposed metal [5]. This 
form of corrosion is initiated as small cavities and pin holes then begin to 
grow, where the other surface remains unaffected. It penetrates the metal and 
makes failure almost unpredictable, making pitting corrosion one of the most 
dangerous forms of corrosion. The damaged passive layer is the cathode, and 
the metal acts as an anode where the moisture present in the atmosphere is act 
as electrolyte that facilitate the corrosion. 
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e Intergranular corrosion. 
As the name suggested, intergranular corrosion occurs at the grain boundar- 
ies of metal, as shown in Figure 13.2(8). The grain boundaries might contain 
the impurities during the heat treatment process; these impurities are accu- 
mulated and prevent passivation. Further, it also weakens the bonding force 
between the crystal grains [8]. It makes the path for corrosion in the grain 
boundaries and causes the disintegration of metal, resulting in the loss of 
metal strength. 

e Selective leaching 
In an alloy, one element undergoes corrosion in a specific environment; this 
is otherwise known as selective leaching. The less noble metal in any alloy is 
more vulnerable to corrosion. This form of corrosion affects the strength and 
ductility of materials. For example, the selective corrosion of zinc in brass is a 
process known as dezincification. 

e Erosion corrosion 
Erosion corrosion is another form of corrosion, in which the metal deteriorates 
due to the relative motion between the corrosive fluid and the metal surface, as 
shown in Figure 13.2(5) [9]. The fluid may be multiphase flow i.e., liquid-gas 
phase or liquid-solid phase. The fluid flows at high velocity, which removes 
the passive layer of metal and accelerates the corrosion process. Erosion cor- 
rosion is one of the types of tribocorrosion, which is discussed elaborately in 
the next section. 

e Stress corrosion cracking 
Stress corrosion cracking is developed by a crack formation due to static ten- 
sile stress in metals, as shown in Figure 13.2(7). It occurs in the grain bound- 
aries where the intergranular corrosion has taken place. Further, the improper 
heating process leads to the development of internal residual stresses in met- 
als, resulting in the corrosion process. This form of corrosion is generally 
unpredictable during the inspection and a sudden failure of the structure may 
occur. 


13.3 TRIBOCORROSION 


Tribocorrosion is the process that leads to the degradation of metallic surfaces by 
the simultaneous action of friction and corrosion [10]. It is the study of tribology 
under an electrochemical medium in which the material has started to degrade due to 
mechanical and electrochemical interaction. The degradation of materials is affected 
components in many industries, including mining, mineral processing, biomedical, 
automobile, food, nuclear, offshore, marine, oil, and gas production, etc. The mate- 
rials that are coated for protection from corrosion and wear, when it is removed or 
damaged, the surface of the material is directly exposed to the corrosive environment, 
and it readily interacts with mating surfaces, resulting in tribocorrosion. Corrosion 
wear, erosion corrosion, fretting corrosion, and microabrasion corrosion are the most 
prevalent types of tribocorrosion, as shown in Figure 13.3 [11]. Corrosion wear is 
a type of wear that leads to the degradation of materials by mechanical and electro- 
chemical reaction between the surface in a corrosive environment [12]. 
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FIGURE 13.3 Form of tribocorrosion. 


Erosion corrosion is another form of tribocorrosion. In this process the degrada- 
tion of material occurs due to fluid flow coupled with the mechanical removal of 
protective layer, which increases the corrosion rate. It can be observed in pumps, 
impellers, propellers, valves, heat exchanger tubes and other fluid handling equip- 
ment. The morphology of erosion corrosion-affected surfaces can be seen in the form 
of shallow pits or horseshoes or other local phenomena related to the direction of 
flow. Fretting corrosion occurs due to the deterioration of material through corrosion 
at the asperities of mating surfaces in relative motion. The damage is induced under 
load with the presence of repeated relative surface motion. For example, due to vibra- 
tion or oscillation. 

Microabrasion corrosion is the result of the degradation of material by the com- 
bined action of particle abrasion, mechanical load and corrosivity of the medium. It 
is commonly observed in orthopedic implants, particularly on hip joints 
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13.3.1 WORKING PRINCIPLE OF TRIBOCORROSION 


Tribocorrosion setup is the combination of pin-on-disc and the Electrochemical 
Impedance Spectrometry (EIS) technique, where the specimen to be tested is 
mounted on the base, which is filled with electrolytic solution and the pin acts 
as a counterbody. In this technique the specimen can either rotate on its own 
axis or it can reciprocate in a linear motion as per ASTM G119. A few research- 
ers are using the tribometer and EIS as separate techniques to test the tribology 
property and corrosion resistance as per ASTM G99 and G03, respectively. The 
tribometer has already been explained in the previous chapters, whereas the EIS 
technique is very much the focus of in this chapter. The EIS uses a three electrode 
system, which is commonly used for corrosion testing. Ag/AgCl is the reference 
electrode, Pt is the counter electrode and the test sample with the exposure area 
of 1 cm? was used as the working electrode, and the corrosive medium was a 
3.5 wt% NaCl solution [13]. The electrochemical workstation is connected to the 
three electrodes and the friction control system is connected to the specimen, as 
shown in Figure 13.4. 


13.3.2 CALCULATION OF TOTAL Loss 


The total material loss is the combination of both the wear loss and the corrosion loss 
of material. This combination of mechanical degradation and chemical degradation 
of material leads to an accelerated failure due to the synergetic effect [14]. The total 
material loss can be calculated by the following equation 


T=C¿+W +8 
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FIGURE 13.4 Schematic diagram of Tribocorrosion test rig. 
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where, 


C, is the material loss due to corrosion alone, 
W, is the material loss due to mechanical wear alone, and 
S is the material loss due to wear-corrosion synergy. 


13.3.3 CALCULATION OF THE CORROSION RATE 


Electrochemical Impedance Spectroscopy (EIS) is one of the most reliable methods 
to measure the electrochemical characteristics of a system. The application of EIS is 
employed to determine the corrosion in semiconductors, batteries, supercapacitors, 
fuel cells, membranes etc. In this method a small potential or current is applied, and 
the response is measured. The magnitude of the impedance and phase shifts are then 
determined. When the material is exposed to the corrosive environment, the thick- 
ness of the material is reduced. The measurement of reduction in weight or thickness 
is known as the corrosion rate measurement, which can be expressed in mils per year 
(mpy), inches per year (ipy) and milligrams per decimeter per day (mdd). 


_ 534W 
DAT 


Where, 


W = weight loss, mg 

D = Density of specimen, g/cm? 
A = Area of specimen, sq.in 

T = Exposure time, hr 


13.3.4 Bope AND Nyquist PLOT 


Figure 13.5 presents the Bode plot and the Nyquist plot for the identification of the 
corrosive behavior of materials. In the Bode plot, the X-axis is denoted the loga- 
rithmic scale of frequency and the Y-axis is denoted the logarithm of impedance Z 
while the second ordinate is the phase shift ®. In the Nyquist Plot, resistance, ‘Z’, is 
plotted on the X-axis while the reactive part, —“Z’’, is plotted on the Y-axis, as shown 
in Figure 13.5 [15]. When resistance is observed in parallel with a capacitor, the 
capacitive behaviour is presented at high frequency, while the resistive behaviour is 
shown at low frequency, which is used for the testing of corrosion. When resistance 
is parallel to capacitor, the Nyquist plot has shown a common semi-circumference 
movement in the graph. The size of the semicircle dots in Nyquist plots helps us to 
understand the material characteristic under low frequencies. 

The epoxy and its composites are prepared and coated over the mild steel for the 
testing of EIS characteristics. The Bode plot and the Nyquist plot for epoxy and ts 
composites are shown in Figure 13.6. 

The anticorrosion performance of epoxy coatings was examined using the value 
of impedance at a lowest frequency (f = 0.01 Hz) obtained from the Bode plot. The 
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FIGURE 13.5 (a) Nyquist plot and (b) Bode plot. ([15].) 


6 

v 
: E 
| a 
3 g 
o m EP-MGel/GO E 
S54 e EPMGe a. 
3 A EP 


-2 0 2 4 
log (Freq/Z) 


EP-MGeV/GO 
EP-MGel 
EP 


0 200000) 4000000 6010000 8000000 10000000 “2000000 


Z (ohm om?) 


FIGURE 13.6 (a) Bode and (b) Nyquist plot for Epoxy composite. ([16].) 
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Bode plot reveals that the pure epoxy-coated specimens have exhibited least values 
of impedance. The MGel-EP and MGel/GO-Ep has shown significantly higher 
impedance magnitude that indicates the corrosive resistance of composite coating. 
As time passes, the electrolyte coating is penetrated and there is a reduction in per- 
formance. In general, larger-phase angle values are denoted the improved corrosion 
resistance. Thus, the MGel/GO-EP-coated sample has shown less degradation of 
coating during exposure to the NaCl solution. Similarly, different metal, metal oxide 
and polymers can be coated over any corrosive substrate and tested in the EIS for the 
Bode plot and the Nyquist plot. 


13.3.5 TareL PLOT 


Polarization technique consists of various methods, including Tafel extrapolation, 
potentio-dynamic measurements, and linear and cyclic polarization resistance. Tafel 
extrapolation is very important for the evaluation of corrosion property in a material 
[17]. Tafel extrapolation of polarization curves is plotted against log current density 
and electrode potential v/s SCE (saturated calomel electrode) that is used to deter- 
mine the corrosion rate, Pi (mm year”!), as shown in Figure 13.7. The imaginary 
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FIGURE 13.7 Cathodic and anodic polarization diagram. 
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lines are drawn in anodic and cathodic branches, and the corresponding slope on 
the anodic and cathodic branches are known as Tafel slopes. Further, the corrosion 
current density is an important parameter to determine the anticorrosion property of 
the coatings. The relationship between the polarization resistance, R, (Q cm?) and 
corrosion current density, i., (mA cm?) is shown in the Stern-Geary equation below. 


corr 


Bab. B 


— 2.3R, (B. - ba) R, 


Icorr 


Where, 


P, and p, are the anodic and cathodic Tafel slopes 
B is the Tafel Constant. 


The polarization diagram has two open-ended curves in which one is for the cathode 
branch and the other is for the anode branch. The anodic branch is known as the oxi- 
dation curve and cathodic branch is known as the reduction curve in which a slope is 
drawn that is known as the Tafel slope of corresponding branches. This graph helps 
to determine the Zor and E,,,, values. If the E.o is more positive then the coating 
is considered as high corrosion resistance, meanwhile the shorter the /,,,, value the 


higher the corrosion resistance. 


Orr 


13.4 APPLICATION OF NANOMATERIALS IN TRIBOCORROSION 


Nanomaterials offer unique physical properties and mechanical properties, such as 
high hardness and strength, enhanced electrical resistivity, a higher thermal expan- 
sion coefficient, higher heat capacity, improved tribological properties, better fatigue 
properties, superplasticity at low temperature, etc., compared with their glassy and/ 
or crystalline counterparts with the same chemical composition. Because of these 
properties, nanoparticles are currently attracting the attention of researchers in the 
fields of tribology and corrosion. The nanomaterials enhance corrosion resistance 
and tribological properties by creating a passive layer on the surface for protection. 
The nanomaterials, such as AL,O,, ZrO,, SiO, and many more, are used to improve 
the surface properties of the substrate [4]. It has developed a thin layer of TiO, coat- 
ing on AISI 316L stainless steel using electrophoretic deposition process (EPD). 
It was observed that the coated sample at 30 V and coated for 5 minutes exhibits a 
homogeneous coating with some cracks on the layer. Moreover, [18] experimentally 
investigated the MWCNT-A1,0y/N1 composite that were coated on brass of thickness 
70 um using chemical vapor deposition on a rotating disc electrode. The Ni are tested 
for EIS in 0.6 M NaCl electrolyte for 60 h of immersion. It has shown more a positive 
E value due to the growth of a passive layer and it is noteworthy that the addition 
of SDS to the Ni composite coating exhibits positive E,, whereas the Ni composite 
has shown very less corrosion resistance without additive. The tribological experi- 
ments demonstrated that the composite coating produced in the presence of SDS has 
exhibited the lowest friction coefficient (COR) value y = 0.356 + 0.01. [19] fabricated 
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TABLE 13.1 

A Summary of Various Corrosion Studies 

Author Material Thickness Electrolyte Condition Ecorr (mV) Icorr (uA) 
[4] TiO, 11 microns 3.5% NaCl 316 L SS bare -357.14 1.36 


TiO, coated at 30V -111.89 0.212 
[13] Zr/MoS2 1.5% 3.22 pmto 3.5 wt% NaCl Electrodeposited on —0.350 + 4.869 + 


4.4 um solution Si wafer 0.002 0.293e-8 
[20] Cobalt/ 50 pm 3.5 wt% NaCl  Electrodeposition -391 0.8 
graphene on steel plate 
composite 
TABLE 13.2 
A Summary of Various Tribology Studies 
Coating Microhardness 
Material Thickness Substrate Method Wear COF (Hv) Ref. 
Zr/MOS, 1.5% 3.22 umto Si wafer Electro ~7.7x 107 0.05 9.8 GPa [13] 
4.4 um deposition mm*/Nm 
Cr¿C,-NiCr 300 pm grey cast High Velocity 7.8 x 10* — 766 [21] 
iron Oxygen Fuel mm*/Nm 
ALO;-TiO, 550 yum Plasma spray 10.2 x 10+ 643 
mm*/Nm 


a nano BN on the boronized steel using the dip coating process followed by dry- 
ing and consolidation at higher temperature. The highest tribological performance 
was achieved for the B-rich BN-layer coated over the carbon steel. The lowest COF 
achieved -0.18 and the lowest wear rate of 0.1 x 107% mm?/Nm. Furthermore, the Zr 
doped MoS, was coated over the substrate through the sputter-depositing method. 
The 1.5% of Zr on MoS2 coating exhibited less COF of 0.05 at 78% relative humid- 
ity and better corrosive resistance due to the good quality of the transfer film [13]. 
Therefore, it is important to understand the corrosion and tribological phenomena of 
various materials due to which the published data on various materials by different 
researchers are presented in Tables 13.1 and 13.2, respectively, for their corrosion 
and tribological behaviour. 


13.5 EFFECT OF TRIBOCORROSION IN THE AUTOMOTIVE 
SECTOR 


Wear and corrosion are two important factors in the degradation of materials in 
the automotive industry. Automobile parts such as cylinders, pistons, cranks, crank 
shafts, inlet valves, exhaust valves, cams, followers, and brake pads are more suscep- 
tible to both wear and corrosion. Further, in the engine liquid, additives are added to 
reduce both friction and wear. Additives such as zinc thiophosphate are used as an 
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additive in liquid lubricants for improving antiwear properties. Moreover, the brake 
pad is the other component, which wear off very frequently. Grey cast iron is used 
for the disk brake rotors in the automotive. As a material, it has poor wear and cor- 
rosion resistance under severe operating conditions. To improve the wear and cor- 
rosion resistance of grey cast iron, a coating was developed on the sliding surface 
[21]. This can be achieved by the spraying of powders such as Cr,C,-NiCr and AL,O.- 
TiO, using High Velocity Oxygen Fuel (HVOF) and plasma spray processes, respec- 
tively. Cr,C,-NiCr coatings have shown better corrosion and wear resistance than the 
plasma-sprayed Alumina-Titania composite. Further, Wan et al. [22] demonstrated 
the corrosion-fatigue wear on CrN-coated piston rings. Testing has been carried out 
by both experimentation and simulation methods. The CrN has coated over the pis- 
ton ring by the arc ion plating system at —20 V in a N, medium. The thickness of the 
coating has lain at around 35 um, and the intermediate Cr layer has been almost 3 
um. The piston ring was fixed to the 6-cylinder CRDI-Engine and tested for 10,000 h 
of run. The worn-out piston ring was undergone various inspections and it was found 
that the CrN coating has partly removed from the surface, although the intermediate 
layer of Cr has still adhered to the piston ring. The delaminated worn-out surface 
was likely around 25 microns in depth. Further, during the reciprocating action the 
fatigue wear has increased if some corrosive species are presented on the specimen. 
This study has revealed that the sulfur and calcium have played an important role 
that accelerates fatigue cracking. Furthermore, Wan et al. [23] fabricated the Al,O, 
coating on the CrN layer using atomic layer deposition. This has increased the thick- 
ness of the coating and decreased the grain size and surface roughness, resulting in 
an increase in corrosion resistance. The ALO, interlayer has acted as a good sealing 
layer that inhibits charge transfer. Tung and Gao [24] developed a CrN using thermal 
spray and DLC using PVD coated on a nitrided stainless steel (NSS) piston rings and 
chrome-plated stainless steel rings and it has tested using a high-frequency recipro- 
cating tribometer. The experimentation result has revealed that the DLC coating has 
produced the lowest wear on the cylinder liner segment and it has a similar ring wear 
to nitrided and CrN-coated piston rings. Similarly, Wan et al. [25] demonstrated CrN 
and CrN/GLC coatings in different lubricated conditions. A GLC surface reduced the 
friction by 67% under a low lubricating environment and it has decreased the wear by 
70% in a lubricating environment compared with CrN. 


13.6 A METHOD TO IMPROVE TRIBOCORROSION IN THE 
AUTOMOBILE SECTOR 


The coating is the most common technique to improve the durability of material 
during a sliding motion. Materials such as chromium nitride, diamond like carbon 
(DLC), NiCr, Al,O;, TiO, and its composites are widely used as the coating materials 
in the piston ring for the improvement of materials’ tribocorrosion properties. The 
suitable intermediate layer has always preferred to enhance the adhesion of coating 
towards the substrate. Chromium nitride is the commonly used intermate layer for 
improving the adhesion between the substrate and material to be coated. The WC/ 
Co composite has shown the capability of fighting severe wear, as well as erosion 
and corrosion in service. There are few successful methods which are used to deposit 
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TABLE 13.3 
Materials Used to Improve Tribocorrosion in Automobile 
Author Method Coating Material Remarks 
(S. [22]) Arc ion plating system chromium nitride (CrN) after 10000 h of reciprocating 
testing of piston ring, fatigue 
wear is increased 
[26] PVD Hydrogen free diamondlike 18% reduction of friction 
carbon (DLC) between cylinder bore and 
piston. Similarly, 10% reduction 
when coated to top ring 
[3] Atmospheric pressure Chromium nitride (CrN) ZDDP with GO forms tribofilm 
chemical vapor with Graphene oxide that provides improved wear 
deposition resistance to the ring 
[21 High Velocity Oxygen Cr;C,-NiCr HVOF showed better 
Fuel (HVOF) tribocorrosion performance than 
Plasma spray processes  AlO,-TiO, Plasma spray 
[27 RF magnetron Crx N Piston ring coating exhibited no 
sputtering cracks or delamination. 
[23 Atomic layer CrN-AI,O, Addition of Alumina on the CrN 
deposition layer improves the corrosion 
resistant of the coating 
[24 thermal spray CrN DLC coating on piston ring 
Physical vapor Diamondlike carbon (DLC) showed lowest wear among 
deposited (PVD) other 
[25 Arc ion plating and CrN, CrN/GLC CrN/GLC surface reduces 


magnetron sputtering 


friction by 67% under low 
lubricating environment and 
decreases the wear by 70% 
in lubricating environment 
compared with CrN 


materials on the substrate such as physical vapour deposition, arc ion plating, chemi- 
cal vapour deposition, high velocity oxygen fuel, plasma spray process, atomic layer 
deposition, magnetron sputtering and others. The coating methods are adopted based 
on the material, which must be coated on the substrate. Table 13.3 shows the sum- 
marized data of various researchers adopted for the improvement in tribocorrosion 
properties in automobile. 


13.7 THE EFFECT OF TRIBOCORROSION IN INDUSTRIAL 
APPLICATIONS 


Wear and corrosion of metals are major problem for the oil and gas industry [28]. To 
overcome these issues, coatings are one of the most commonly used surface treat- 
ments to improve tribological applications. It provides lower friction coefficient 
(COF) and wear resistance for sliding tribo-pair in mechanical systems, along with 
improved adhesion. Further, the oil industries are faced severe corrosion- and wear- 
related problems because of water/oil contains the high salinity and sand particles. To 
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prevent the machinery components from corrosion and wear, it could be coated with 
a high tribocorrosion-resistant materials. Presently, the additives are used to reduce 
the corrosion and wear of the coating, but they are affected by various factors such as 
velocity, pressure, density and type of crude oil and it should also be replaced within 
the appropriate time span. Moreover, other conventional methods such as polymeric 
coating have exhibited less hardness and degradation over time. As discussed above, 
materials such as DLC, CrN, nano Alumina-Titania, etc. can be used to improve the 
tribocorrosion properties. The coating techniques are very important to obtain the 
robust design of material on substrate. Techniques such as CVD, PVD, and other 
methods help to improve the adhesion of coating. 


13.8 CONCLUSION 


Corrosion and tribology is one of the major issues in automotive industry. Friction, 
wear and corrosion have impacted on energy consumption, economic and CO, emis- 
sions. Approximately 23% of world's total energy consumption due to the friction 
and wear. By improving the coating methods, materials and lubrication have reduced 
the friction and wear in industries. Further, through the application of coatings, it 
has been estimated that the automotive sector would improve the GDP by ~ 1.4% 
and ~8.7% of total energy consumption in the long term [29]. Advance research on 
nanomaterials and feasible coating techniques have been developed by the research- 
ers at the laboratory scale to improve the properties of materials that would increase 
corrosive resistance and tribology properties. Furthermore, the oil and gas industries 
are facing a severe problem during the transportation of oil and gas, where increased 
corrosions is taking place, resulting in the loss of energy. Replacing those compo- 
nents has increased maintenance costs. These problems can be rectified by the use of 
advanced coating techniques with suitable parameters. 
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14.1 INTRODUCTION 


Surfaces that are in relative motion are generally separated by a thin film of lubri- 
cant to minimize friction. If two mating surfaces during operation are completely 
separated by lubricant film, such a type of lubrication is known as fluid film lubrica- 
tion. Thin viscous fluid films, which carry load due to the effect of hydrodynamic 
lubrication, can be found in journal bearings, one of the most widely used tribology 
components. Advances in engineering and technology demand bearings with high 
precision and optimum performance. The great majority of these demands can be 
found in specialized fields such as high-precision instruments and sensors, space 
technology, nuclear engineering, machine tools and computer applications. Journal 
bearings are lubricated by the hydrodynamic flow which is generated by relative sur- 
face motion and/or external pressurization. In order to meet the challenges of high- 
precision applications, it is necessary to operate with near frictionless motion and 
several methods are being explored to reduce the friction. This can be achieved with 
the use of gas lubrication as the major advantage of this material is its minimal fric- 
tional characteristics. The governing equation that describes the flow of a thin film 
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of lubricant separating two rigid surfaces in relative motion is given by the Reynolds 
equation, a partial differential equation, which can be derived from the Navier-Stokes 
equation. To design a hydrodynamic bearing, a few important characteristics, such 
as load carrying capacity, flow requirements and power loss due to viscous friction, 
are to be predicted accurately. It is essential to investigate these characteristics at 
the desired operating conditions during the design stage itself. These characteristics 
can be determined if the pressure distribution within the bearing is known. Although 
the pressure distribution can be obtained by experimental investigations by operat- 
ing the bearing at operating conditions, however, such a method is not feasible on 
economic grounds. One can overcome such limitations by numerical analysis. The 
exact close-form solution of the Reynolds equation exists only for a few fortunate 
cases. However, for a complicated realistic system, the absence of close form solu- 
tion to the full Reynolds equation renders it unsolvable by known analytical methods. 
Researchers have therefore resorted to numerical methods to solve the problem. 

The numerical solution of some form of Reynolds equation is usually required in 
many fluid-film lubrication analyses or bearing designs. Therefore, the modelling 
and study of fluid flow in thin film is an important engineering issue since the pres- 
sure generated defines the performance of the device. The generalized Reynolds 
equation is presented in Eq. (14.1) 


ô | ph? op te 2 | ph? op 
Ox| 12n Ox} Oz\ 12n Oz 


= | eo | O [e a(x re 2 (0m 


(14.1) 


Where: 


p — is the pressure [Pa] 

h — film thickness [m] 

U, V, W — velocity components along x, y and z directions. 
y — Viscosity of the lubricant [Pa s] 

p — Fluid density [kg/m*] 


Equation (14.1) presents the generalized Reynolds equation and is applicable for 
both incompressible and compressible fluids. The two terms on the left-hand side of 
the equation describe the net flow rates due to pressure gradients. The first two terms 
on the right-hand side describes the flow rates due to surface velocities. These are 
known as Poiseulle and Couette terms, respectively. 

The solution of the hydrodynamic lubrication problem requires obtaining an 
approximate numerical solution to the Reynolds equation. Prominent numerical 
methods such as finite difference (FDM), finite element (FEM) and finite volume 
(FVM) have been proposed to provide the solution of the fluid film lubrication prob- 
lem. In brief, these methods follow the discretization of governing equations and 
obtain its solution by dividing the region of interest into finite subdivisions. Of the 
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three numerical methods, the majority of researchers use the finite difference method 
(FDM) due to its relatively simplicity. In this method, the partial derivatives of the 
equation are approximated by finite difference formulas obtained from the truncation 
of the high-order terms of the Taylor expression. In order to obtain better approxima- 
tions, second-order central differencing schemes are used. The finite difference rep- 
resentation of the second-order partial derivative is shown in Equation (14.2): 


Ou Ui+1 j — 2u; j + Uii, j 2 
= z - Ax 14.2 
(50) olas 04.2) 


From Equation (14.2), it is observed that information used in forming the finite 
difference quotient comes from both sides of the grid point located at(i,/); that is, it 
uses u;, 1; as well as u; _ , ;. Grid point (i,j) falls between two adjacent grid points. In 
order to calculate the finite difference quotient, information from the adjacent nodes 
is being used. It is expected that a numerical scheme, while obtaining solution for 
flow equations, should use information which is consistent with flow field. In simple 
terms it is like respecting the flow physics. To be precise, the central differencing 
schemes does not always follow the proper flow of information throughout the flow 
field. In most of the cases, they obtain information from outside the domain of depen- 
dence of a given grid point and this can compromise the solution. 

The generalized Reynolds equation, as mentioned in Equation (14.1), comprises 
the terms which represent the net flow due to pressure gradient and relative surface 
velocities, i.e. Poiseulle flow and Couette flow terms respectively. Bearings which 
uses gas film lubrication to support the loads usually operate at higher speeds 
because of low viscosity and the compressibility nature of gas. To discretize the 
governing equation at the clearance region, finite difference methods, because of 
their simplicity in implementation have been the popular choice among the majority 
of researchers. Specifically, second-order central differencing schemes are used to 
obtain discretized relations. As bearings operating with gas film lubrication usually 
run at higher speeds, terms associated with velocity components, i.e. Couette flow 
terms, dominate the other flow terms. This results in non-physical oscillations, 
which initially appear at the regions where the second derivative of the pressure, i.e. 
Poiseulle terms, are very small and rapidly compromise the solution. Because of the 
strong dominance of Couette flow terms at higher-bearing numbers, the numerical 
method used for the analysis should accurately represent the sharp gradients caused 
by Couette terms. However, the inefficiency of the central difference schemes to 
capture sharp gradients makes the solution unstable [1]. A well-known remedy to 
suppress these unwanted oscillations of the Couette flow dominated problems, 
which are of purely numerical origin, is to employ the upwind schemes [2]. To dis- 
cretize the Reynolds equation, finite volume discretization is used as it uses the 
governing equation in conservative form and ensures the conservation of all proper- 
ties at control volume. This is not true with regard to the finite difference methods 
[3]. Therefore, in the present chapter, a numerical solution for the porous journal 
bearing with gas film lubrication is presented which is stable even at higher operat- 
ing speeds. 
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14.2 NUMERICAL SCHEME 


In order to show the effectiveness of the abovementioned solution procedure, steady- 
state characteristics of a porous journal bearing is obtained at higher-bearing num- 
bers (Figure 14.1). 

The governing differential equation for finite bearings using compressible lubri- 
cant in non-dimensional form is given as follows 

In the porous bush 


2p” 2 22p” 2 22p” 
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In the clearance region 
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(14.4) 
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The governing equation at the clearance region, i.e. the Reynolds equation, is 
discretized by using the finite volume discretization. In order to obtain a linear dis- 
cretized relation, parameter values on the cell boundaries are expressed as a function 
of the parameter values at the surrounding nodes. The discretization procedure for a 
Poiseulle term and a Couette term is detailed below. 
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FIGURE 14.1 Schematic diagram of externally pressurized porous journal bearing. 
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Poiseuille term 


Where, 


Couette term 


As discussed earlier, since the central differencing scheme evaluates the parame- 
ter at the grid point using the information from outside the domain of dependence, 
and this compromises the solution. For the cases where there is no dominance of 
Couette flow terms, i.e. when dealing with incompressible fluids, the use of a central 
differencing scheme doesn’t cause convergence issues. However, in the case of com- 
pressible fluids, since the bearing operates at higher speeds, even for light loading 
conditions, there is a dominance of Couette flow terms and the solution fails to con- 
verge when central differencing schemes are used. Therefore, upwinding schemes 
are used to suppress these numerical oscillations to obtain the converged solution. 
Accordingly, the upwinding scheme is used to calculate the value of P at grid point 
center. 

Figure 14.2 presents the schematic of the cell and its interface. The expression 
used to obtain P at the grid point center is taken from Kim and Kim [4] and is as 
follows 


P = (2P +5P, -P..) 
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FIGURE 14.2  Cell-interface and cell center. 


A steady-state solution was obtained for a porous journal bearing working with 
compressible fluid. A converged solution was obtained by considering the problem at 
hand as a pseudo-time problem. Discretized governing equation at the clearance 
region is solved by using the first-order three-stage Runge-Kutta scheme with opti- 
mal multistage coefficients as mentioned in [5]. The solution procedure begins with 
an initial guess values obtained by considering the non-rotating case. With the help 
of these initial guess values, residuals are obtained at all the grid points. Further, 
pressure values at the grid points are updated using these residual values as per the 
following relation 


Rip = PA + At.a,,.residual ; ;) 


Where a, is the optimal coefficients of the three-stage Runge-Kutta method. 

Once the pressure values in the clearance region is updated, the governing equa- 
tion in the porous region given by Darcy’s law is solved by using a popularly known 
iterative solver biconjugate gradient stabilized method (BICGSTAB). This iterative 
method is applied until the residual at the grid points in the porous region reaches to 
le—12. With the time increment ((A7) of le-4, the process is repeated until maximum 
residuals at the grid point in film region reaches to 1e—10. At such point, iterations 
are stopped and pressure values at the film region are used to obtain the steady-state 
characteristics. Figure 14.3 depicts the solution procedure followed. Figure 14.4 
presents the residual values obtained using the FDM methods and the current solu- 
tion method. It is observed that the residual values from the FDM method fluctuate 
during the iterative process, whereas the current solution method shows that the 
residual values are decreased gradually to a level of le—10. Therefore, it can be 
understood that, from Figure 14.4, the current solution procedure results in a stable 
numerical solution. 

In order to validate the present numerical method, the load-carrying capacity of a 
gas lubricated porous journal bearing was obtained and compared with the published 
literature. Figure 14.5 presents the comparison plot of the present solution method 
results with the results from Sun [6]. 


14.3 RESULTS 


According to the bearing geometry parameters provided, the steady-state character- 
istics, i.e. the load-carrying capacity, attitude angle, friction coefficient and flow rate 
are estimated from the pressure profile obtained for two supply pressure values, 2.0 
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Initialize the pressure values in the domain 
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rotating case 
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Multi-stage Runge-Kutta Method 
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If 
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Solution converged and obtain 
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FIGURE 14.3 Solution procedure flowchart. 


and 5.0. These steady-state performance characteristics were obtained up to a bear- 
ing number (A) of 150. 

Figures 14.6 and 14.7 present the steady-state charcateristics of a porous journal 
bearing operating with a supply pressure of 2.0. Variation of load-carrying capacity 
(W,) and attitude angle (92) with bearing number (A) for vairous values of e, is 
presented in Figure 14.6. It is observed that the load-carrying capacity increases with 
increase in the eccentricity ratio. Bearing operating at the high eccentricity ratio 
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FIGURE 14.4 Residual values obtained using FDM and current solution method. 
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FIGURE 14.5 Validation of the present model toward the work of Sun [6]. 
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FIGURE 14.6 Variation of load & attitude angle with bearing number for various values of 
eccentricity ratio at supply pressure 2.0. 


results in higher film pressure at the clearance and allows it to withstand higher loads. 
It is also observed that for an eccentricity ratio load-carrying capacity increases with 
increase in bearing number. The difference in the directions between the lines of 
applied load and corresponding reaction forces causes journal-bearing instability, 
measured by the attitude angle (dp, ). It is observed that the attitude angle initially 
increases with an increase in the bearing number and then decreases at higher bearing 
numbers. It can be understood from the figure that bearing operating at higher bear- 
ings numbers and eccentricity ratio are more stable. 

Figure 14.7 presents the variation of volume flow rate (0, ) and friction coeffi- 
cient (u(R/C)) with a bearing number for various e, values. It is observed that the 
volume flow rate increases and the friction coefficient value decreases with an 
increase in eccentricity ratio. 

Figures 14.8 and 14.9 presents the steady-state characteristics of a porous journal 
bearing operating with a supply pressure of 5.0. The trend behaviour of the charac- 
teristics seems to be similar with the trends obtained with a supply pressure of 2.0. 
The load-carrying capacity increases with an increase in supply pressure. The atti- 
tude angle shows a similar trend as observed in Figure 14.4 and it shows that bearings 
that operate at higher speed and eccentricity ratio are more stable. 
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FIGURE 14.7 Variation of friction coefficient & volume flow rate with bearing number for 


various values of eccentricity ratio at supply pressure 2.0. 
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FIGURE 14.8 Variation of load & attitude angle with bearing number for various values of 


eccentricity ratio at supply pressure 5.0. 
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FIGURE 14.9 Variation of friction coefficient & flow rate with bearing number for various 
values of eccentricity ratio at supply pressure 5.0. 


With the influence of supply pressure, the friction coefficient and the volume flow 
rate increases, as presented in Figure 14.9. However, operating at higher eccentricity 
ratio and higher speeds results in higher volume flow rates and lesser friction coeffi- 
cient values. 


14.4 SUMMARY 


The present work, with inspiration from oscillation control schemes which are often 
used in the CFD analysis of compressible flows, uses an upwind scheme to obtain a 
stable numerical solution of the compressible Reynolds equation at higher bearings 
numbers. The governing equations are discretized using the finite volume method as 
it uses the governing equation in conservative form and ensures the conservation of 
all properties at control volume. After discretization, a solution was obtained using 
a first-order three-stage Runge-Kutta method and BiCGSTAB method to solve pres- 
sure values at clearance region and porous region, respectively. This solution method 
was validated by obtaining solution for a porous journal bearing and compared with 
published literature and the results seem to concur. It is shown that under the pro- 
posed method the maximum residual values decrease with iteration. However, the 
residual values fluctuate during the iterative process when FDM with a Gauss-Seidel 
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method is used. Further, the numerical solution was then used for obtaining steady- 
state characteristics of externally pressurized porous journal bearings up to a bearing 
number (A) of 150. Steady-state characteristics were presented in graphical form 
which can be used during the design of such bearings. 
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15.1 INTRODUCTION 


At present, worldwide research is concentrated on energy savings. The leading source 
of energy loss is friction. Friction initiates wear that leads to the failure of machine 
components. It is thus essential to reduce the friction for improving tribological per- 
formance and to minimize the energy loss. Nevertheless, this issue can be addressed 
effectively using surface texturing. It is a well-established technique to improve the 
tribological performance of machine components, such as bearings, parallel slider, 
seals, piston rings, etc. [1]. 

Surface texture decreases the contact area of mating faces in boundary lubrica- 
tion, acts as lubricant reservoir during startup, and increases the film thickness in 
hydrodynamic regime to generate an additional hydrodynamic effect that leads to the 
further separation of surfaces which decreases shear stress. These mechanisms in 
different lubrication regimes contribute to friction reduction [2, 3]. The surface tex- 
ture fabricated using non-conventional machining processes are found to be more 
effective than conventional processes [4]. Non-conventional processes, such as laser 
surface texturing, micro-electric discharge machining, electrochemical machining, 
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chemical machining, and reactive ion etching, are widely used [5]. Among these, 
laser surface texturing is the most advance technique and it can generate accurate 
texture shape with controlled dimensions [6]. 

Widespread research on texture shape has been carried out. Siripuram and 
Stephens [7] investigated the hydrodynamic performance of simple texture shapes 
with constant depth. They observed that the friction coefficient is insensitive to tex- 
ture shape, but is substantially sensitive to texture density. However, Qiu et al. [8, 9] 
found that the texture shape with round profile performs better than the straight pro- 
file. In addition, the non-standard texture shapes, such as short and long drop, egg- 
shape, star-like, heart-like, chevron, trapezoid and fusiform, have obtained better 
tribological characteristics than the standard/simple texture shapes [10-16]. In con- 
trast, most of the research on non-standard texture shapes is based on numerical 
analysis. Experimentally, the generation of these non-standard textures on different 
machine components, such as bearings, piston rings, seals, etc., is difficult to achieve 
with controlled dimensions. Consequently, the fabrication of surface textures for dif- 
ferent applications is still limited to standard texture shapes. 

In the present chapter, the compound-shaped textures are introduced with the 
viewpoint of improvement in tribological performance and the feasibility of fabrica- 
tion. Compound-shaped textures are modeled using straight and round edges, namely 
C1, C2, and C3. For each texture shape, the variable parameters: aspect ratio (Ar), 
texture density (Td), and slider speed (U) are first analysed using response surface 
methodology based central composite design (CCD) and then optimized using grey 
relational analysis (GRA) multi-objective optimization. Under optimal condition, the 
best texture shape in terms of maximum load capacity and minimum friction coeffi- 
cient is evaluated. 


15.2 NUMERICAL MODEL 


Detailed analysis is performed on a single texture which can be applicable to a sim- 
plified case of machine components, such as journal bearing, thrust bearing, seals, 
parallel slider, etc. Schematic of a textured parallel slider are shown in Figure 15.1(a). 
A single texture is formed with an imaginary unit cell, and positioned at the center 


FIGURE 15.1 Surface textured (a) parallel slider, and (b) unit cell. 
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of a unit cell. 'This approach reduces the computation time and is relatively easier to 
model [7-9]. A typical texture and unit cell is shown in Figure 15.1(b). 

The lubricant is assumed to be incompressible and follows Newton's law of vis- 
cosity. Neglecting thermal, inertia, and squeezing effect, the Reynolds equation is 
given as 


Ce Ng TA y aa (15.1) 
Ox Ox) Oz Oz Ox 


ho + hu (Textured surface ) 
ho (Plane surface ) 
The boundary conditions to solve the Reynolds equation are: 


where, h(x,z) = | 


Atmospheric boundary condition: 
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Reynolds cavitation condition: 


P= Pew =0 and L =0 when p<0 (15.4) 
IX 


Considering these boundary conditions, the Reynolds equation is discretized by 
the finite difference method with a Gauss—Seidel iterative scheme. To achieve an 
accurate pressure, the following convergence criterion has been satisfied. 


Pij un 


YY <10° (15.5) 


The converged pressure is integrated by Simpson’s 1/3 rule. Using this, the load 
capacity and frictional force are evaluated. 


Lz/2 Lx/2 
W= p(x,z)dxdz (15.6) 
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FIGURE 15.2 Composite shaped textures: (a) C1, (b) C2, and (c) C3. 


Lz/2 Lz/2 
F= | | raza (15.7) 
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From these equations, friction coefficient is calculated as 


f=— (15.8) 


For this, a MATLAB code was created and validated with Siripuram and Stephens 
[7]. Good agreement between the results was obtained. 

In the present chapter, the compound-shaped textures, namely C1, C2, and C3, are 
introduced as shown in Figure 15.2. The textured geometry is specified by non- 
dimensional parameters, viz. Ar and Td. The maximum possible Td for composite 
textures C1, C2, and C3 are 0.446, 0.473, and 0.473, respectively. However, Ar 
remains unchanged for all the shapes. 


15.3 DESIGN AND OPTIMIZATION 


A. Texture design using response surface methodology 


In textured parallel sliding contact, Ar, Td, and U are the controllable param- 
eters. These controllable parameters are thus considered to be variable param- 
eters. However, u, h, and T are uncontrolled parameters and thus considered 
to be fixed parameters (see Figure 15.3). To get an optimal variable parameter, 
the maximum possible range is considered. For Ar, Td, and U, the range is con- 
sidered as 0.005-0.025, 0.2-0.4, and 0.66-2.66 m/s, respectively. Each range 
is split into five levels using response surface methodology based central com- 
posite design (CCD). The detailed formulation of the response surface model 
is given in [17]. 


. Optimization of texture design parameters 


The objective is to improve the tribological characteristics (W and f) of tex- 
tured parallel sliding contact. For this, the variable parameters (Ar, Td, and U) 
are optimized using GRA multi-objective optimization. The equal weightage 
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FIGURE 15.3 Texture design model. 
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FIGURE 15.4 Steps in GRA multi-objective optimization. 


is given to both the output responses [18]. Further, the most significant/critical 
variable parameter is evaluated using the steps given in Figure 15.4. 


15.4 RESULTS AND DISCUSSION 


For each compound-shaped texture the optimum variable parameters are evaluated. 
Further, the comparative analysis of these compound textures with each other is car- 


ried out. 
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Optimum parameters of compound texture C1 

Using the steps given in Figure 15.4, grey relational grade (GRG) is obtained 
for each variable parameter. To evaluate the optimum value, an average GRG is 
determined for variable parameters Ar, Td, and U, as shown in Figures 15.5(a— 
c), respectively. The maximum average GRG obtained corresponding to that 
level of the parameter is called an optimized value. For Ar, Td, and U, the high- 
est average GRG is achieved at levels 5, 3 and 5, respectively. For these levels, 
the corresponding parametric value is 0.015, 0.4, and 2.66m/s, respectively. 
Further, U is found to be the most critical parameter. This indicates that U 
influences the output characteristics more than that of Ar and Td. Furthermore, 
Ar is found to be second and Td is the least critical parameter. 


. Optimum parameters of compound texture C2 


For compound texture C2, average GRGs for each level corresponding to vari- 
able parameters Ar, Td, and U are plotted in Figures 15.6(a—c), respectively. 
For Ar, the best tribological performance is achieved at level 4, while a slight 
deviation in GRG is observed between levels 3 and 4. For level 4, the optimum 
Ar is 0.02. Similarly, the maximum average GRG for Td, and U are obtained 
at levels 4 and 5, respectively. From this, the optimum Td and U are found to 
be 0.35 and 2.66 m/s, respectively. This depicts that higher Td and U gives 
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FIGURE 15.5 Influence variable parameters: (a) Ar, (b) Td, and (c) U on average GRG of 
compound texture C1. 
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FIGURE 15.6 Influence variable parameters: (a) Ar, (b) Td, and (c) U on average GRG of 
compound texture C2. 


better tribological performance. Furthermore, the slider speed is evaluated as 
being the most critical parameter and texture density is regarded as the least 
critical parameter in improving the tribological performance of parallel sliding 
contact. 
. Optimum parameters of compound texture C3 

For compound texture C3, the maximum average GRG for Ar, Td, and U is 
obtained at levels 3, 4, and 5, as shown in Figures 15.7(a—c) respectively. 
For these levels, the parametric values are checked. It is observed that upon 
increasing Ar the tribological performance is improved up to level 3 and then 
decreases. Also, for Td, it increases up to level 4 and then diminishes. However, 
an increase in slider speed is observed to be beneficial and gives the best result 
at level 5. From these results, the optimum Ar, Td, and U are found to be 0.015, 
0.3 and 2.66 m/s, respectively. Similar to compound textures C1 and C2, the 
slider speed is the most critical variable parameter for C3. 

For each compound texture, the output responses, viz. the load capacity and 
the friction coefficient, are assessed at optimum parameters. It is observed that 
texture shape influences the output responses (see Figure 15.8). The compound 
texture C2 gives the best result. In contrast, C1 texture performs worst. The load 
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compound texture C3. 


Load capacity (N) 


(a) Ar, (b) Td, and (c) U on average GRG of 
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FIGURE 15.8 (a) Load capacity and (b) friction coefficient at optimum parameters. 


capacity obtained by C2 texture is more than C1 and C3 shapes, by 13.56% and 
4.96% respectively. Moreover, the friction coefficient obtained by compound 
texture C2 is lesser than Cl and C3 by 7.30% and 4.72%, respectively. This 
gain in better tribological characteristics by texture C2 justified that the volume 
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of fluid accumulation in the texture has great significance. It is also observed 
that the round edge at the outlet of texture is more beneficial than a straight 
edge. In contrast, at the inlet of texture the straight profile should be preferred. 


15.5 CONCLUSIONS 


In the present work, the compound texture shapes, viz. C1, C2, and C3 are first ana- 
lysed by response surface methodology-based CCD and then optimized using GRA 
multi-objective optimization. For improving the tribological performance, com- 
pound texture C2 performs better than C1 and C3. Under optimum condition, the 
load capacity obtained by compound texture C2 is more than C1 and C3 by 13.56% 
and 4.96% respectively. Moreover, the friction coefficient is lower by 7.30% and 
4.72% than that of C1 and C3, respectively. To improve the tribological performance 
of compound texture C2, slider speed and texture density are, respectively, the most 
and least critical parameters. 


REFERENCES 


1. Etsion, I. Modeling of surface texturing in hydrodynamic lubrication. Friction, 2013, 
Vol. 1(3), pp. 195-209. 

2. Etsion, I. State of the art in laser surface texturing. Journal of Tribology, 2005, Vol. 
127(1), pp. 248-253. 

3. Gachot, C., Rosenkranz, A., Hsu, S. M., and Costa, H. L. A critical assessment of sur- 
face texturing for friction and wear improvement. Wear, 2017, Vol. 372, pp. 21-41. 

4. Arslan, A., Masjuki, H. H., Kalam, M. A., Varman, M., Mufti, R. A., Mosarof, M. H., 
Khuong, L. S., and Quazi, M. M. Surface texture manufacturing techniques and tri- 
bological effect of surface texturing on cutting tool performance: A review. Critical 
Reviews in Solid State and Materials Sciences, 2016, Vol. 41(6), pp. 447-481. 

5. Coblas, D. G., Fatu, A., Maoui, A., and Hajjam, M. Manufacturing textured surfaces: 
State of art and recent developments. Proceedings of the Institution of Mechanical 
Engineers, Part J: Journal of Engineering Tribology, 2015, Vol. 229(1), pp. 3-29. 

6. Shamsul Baharin, A. F., Ghazali, M. J., and Wahab, A.J. Laser surface texturing and its 
contribution to friction and wear reduction: A brief review. Industrial Lubrication and 
Tribology, 2016, Vol. 68(1), pp. 57-66. 

7. Siripuram, R. B., and Stephens, L. S. Effect of deterministic asperity geometry on 
hydrodynamic lubrication. Journal of Tribology, 2004, Vol. 126(3), pp. 527-534. 

8. Qiu, M., Delic, A., and Raeymaekers, B. The effect of texture shape on the load-carrying 
capacity of gas-lubricated parallel slider bearings. Tribology Letters, 2012, Vol. 48(3), 
pp. 315-327. 

9. Qiu, M., Minson, B., and Raeymaekers, B. The effect of texture shape on the fric- 
tion coefficient and stiffness of gas-lubricated parallel slider bearings. Tribology 
International, 2013, Vol. 67, pp. 278-288. 

10. Galda, L., Pawlus, P., and Sep, J. Dimples shape and distribution effect on characteris- 
tics of Stribeck curve. Tribology International, 2009, Vol. 42(10), pp. 1505-1512. 

11. Bompos, D. A., Nikolakopoulos, P. G., and Papadopoulos, C. I. A tribological study of 
partial-arc bearings with egg-shaped texture for microturbine applications. Proceedings 
of ASME Turbo Expo 2012, Copenhagen, Denmark. 


304 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Industrial Tribology 


Uddin, M. S., and Liu, Y. W. Design and optimization of a new geometric texture shape 
for the enhancement of hydrodynamic lubrication performance of parallel slider sur- 
faces. Biosurface and Biotribology, 2016 Vol. 2(2), pp. 59-69. 

Fesanghary, M. and Khonsari, M. M. On the optimum groove shapes for load-carrying 
capacity enhancement in parallel flat surface bearings: theory and experiment. Tribology 
International, 2013, Vol. 67, pp. 254-262. 

Shen, C. and Khonsari, M. M. Numerical optimization of texture shape for parallel sur- 
faces under unidirectional and bidirectional sliding. Tribology International, 2015, Vol. 
82, pp. 1-11. 

Zhang, H., Dong, G. N., Hua, M., and Chin, K. S. Improvement of tribological behav- 
iors by optimizing concave texture shape under reciprocating sliding motion. Journal of 
Tribology, 2017, Vol. 139(1), p. 011701. 

Wang, W., He, Y., Zhao, J., Mao, J., Hu, Y., and Luo, J. Optimization of groove texture 
profile to improve hydrodynamic lubrication performance: Theory and experiments. 
Friction, 2018, pp. 1-12. 

Hingawe, N. D., and Bhore, S. P. Multi-objective optimization of the design parameters 
of texture bottom profiles in a parallel slider. Friction, 2019, pp. 1-20. 

Shinde, A. B., and Pawar, P. M. Multi-objective optimization of surface textured journal 
bearing by Taguchi based Grey relational analysis. Tribology International, 2017, Vol. 
114, pp. 349-357. 


1 6 Case Study 
Wear Behavior of Different 
Seal Materials under 
Dry-Lubricated Conditions 
Corina Birleanu, Marius Pustan, Cosmin Cosma, 


Mircea Cioaza and Florin Popa 


Technical University from Cluj-Napoca, Cluj-Napoca, 


Romania 
CONTENTS 
Abbreviations/ACronyý mS ineng inite arange e iaae E E aeea erea 305 
16.1. Intioductiori se en Putea cala faca ăia ta dd tested caca 306 
16:2. Experimental Procedures occitano ot daia aicea ae 308 
16:23). Sample Material iii poza sua ci a cete pens tai oc ata ves ves 308 
16.2.2 Measurement of Surface CharacteristiCS.....oooocoonccnnoooccnnnononannnnnnono 310 
16.2.3 Tribometer and Method... eee eee 310 
16.3 Results and Discussions... nenea nenea en annaa 313 
16.4:- ConelusiOns:. iaa 317 
References... ca see ies te aia adi A dadea stă aaa hee adanca eek 318 


ABBREVIATIONS/ACRONYMS 


ASTM American Society for Testing and Materials 
SLM selective laser melting 

CNC Computerized Numerical Control 

AW antiwear 

COF coefficient of friction 


p coefficient of friction 

p density 

RT room temperature 

SEM scanning electron microscopy 
E Elastic Modulus 


HRC Rockwell hardness 
HV Vickers hardness 
EDS Energy Dispersive X- ray Spectroscopy 


DOI: 10.1201/9781003243205-16 305 


306 Industrial Tribology 


16.1 INTRODUCTION 


Seals are used on a very large scale with a direct influence on the reliability of 
mechanical systems (pumps, compressors, turbines, etc.). A sealing is a machine ele- 
ment mounted between two surfaces to prevent or reduce to an acceptable minimum 
scale leak of liquid or gas from one region to another, also prevents dirt from entering 
through these surfaces. A dynamic seal is a mechanical device used to prevent liquid 
leakage when there is rotational movement between the sealing surfaces. 

The seal is designed to fit around the shaft or some part connecting to the shaft, 
dynamic sealing is often referred to as shaft sealing. The operation of many types of 
front seals, as mechanical systems, from the simplest to the most complex, requires 
the existence of direct contacts, relative movements or complex interactions. 

There are many concrete situations where, in the context of increasing the reli- 
ability and performance of technical systems, the use of front seals is a major require- 
ment and simultaneously a unique solution. 

Wang et al. [1] developed a C-coating deposited onto a 9Cr18 rotor of the face seal 
in liquid rocket engine turbopumps, and the tribological performance of each specimen 
was tested under three fluid conditions (air, water, and liquid nitrogen). Young et al. [2] 
investigated the macro/micro laser machined characteristics of mechanical face seals, 
and friction-testing experiments using water for the seal were conducted. Zhao et al. [3] 
studied the frictional performance of silicon carbide underwater and lubrication-absent 
conditions by using a Falex 1506 tribo-tester and different working parameters. Frölich 
et al. [4] developed a macroscopic simulation model for the radial shaft seals and the 
results of simulations using their model showed that the material of the seal ring is 
intensely influenced by both the temperature and the contact pressure. Cui et al. [5] 
developed new self-lubricating bronze matrix composites for seals and explored the 
tribological mechanisms in antiwear (AW) hydraulic oil using a balloon-disk tribo- 
tester. In summary, previous studies have indicated that the study on the suitability of 
materials for the seal’s pairs and the improvement of materials’ surface properties can 
significantly improve the friction and wear performance of the seal under the extreme 
conditions, and these results also provided the important ideas and methods for select- 
ing material, treating surface, improving the tribological performance and even moni- 
toring tribological behavior of the mechanical seal [6, 7]. 

Most dynamic seals, such as mechanical seals, fall into the category where fric- 
tion surfaces are separated and lubricated with a thin film of lubricant [1]. For the 
devices executed from thin films is evident that the stress-strain relationship is 
affected by the relatively high area-to-volume ratio. As a result, typical properties 
used for description of bulk material strength and deformation do not apply for thin 
films and micro devices. This size effect relationship is not yet well understood when 
structural dimensions decrease from millimeters to micro and nanometers [8]. 

In a frontal seal depending on a number of functional and constructive features, 
various types of friction can arise. Liquid and mixed friction may occur in the case of 
hydrodynamic and hydrostatic front seals, dry friction — in the case of overheated 
seals or used for gas sealing, friction at low temperatures — in the case of liquefied 
gases, vacuum friction — in the case of seals from jet aircraft or missiles 

A schematic presentation of a conventional mechanical face seal is presented in 
Figure 16.1. Mechanical face seals, principally containing two rings, are adjusted on 
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FIGURE 16.1 Schematic presentation of a mechanical face seal as a tribosystem. 


the rotating shaft. One part (face) is a rotating ring that is attached to the shaft and 
rotates with it; the other is stationary and is mounted in the housing. The rotating face 
1s mounted with clearance and may be the “floating face” in the axial direction, usu- 
ally driven by a spring. So 1t can move along the shaft axis allowing relative move- 
ment and provide flexibility for small misalignment between the parts. 

As shown in Figure 16.1, the interface seal is composed of two faces, which interact 
in relative motion to each other in lubricating conditions; therefore, the seals herein 
may be considered to be a tribosystem. If the lubricant cannot separate the faces of the 
seal that come into contact, the asperity contact occurs at the microscopic level 
(Figure 16.2). The intensity of contact between the asperities depends on the operating 
conditions, namely the applied load, the slip speed, the temperature, the type of lubri- 
cant, the material coupler and the surface roughness. Over time, due to the friction 
between the friction coupler elements, there is a process of wear that changes the 
roughness and micro geometry and leads to damage to the tribo-mechanical system. 

We specified that the purpose of tribological studies in this work is to establish a 
scientific approach to predict the friction state of mechanical seals based on higher 
material performance. The tribological process was also the general idea of developing 
the progress of the research on mechanical seals, which is also presented in [9-12]. 

CoCrWMo alloy widely used as a hard material is a potential candidate for mechan- 
ical seals, but its tribo-mechanical properties need to be investigated in the aim of the 
use in high performance mechanical seal working in severe conditions. CoCrWMo 
alloys offer good mechanical properties (hardness, Young modulus), resistance to cor- 
rosion and thermal conductivity that make 1t appropriate for tribological application in 
dry and lubricated sliding. Combined with matting face ring from a softer material, the 
sliding of CoCrW Mo alloy can be sustained in severe working conditions [13-17]. 


Contact of asperities 


Mating 
< faces 


Thin layer of lubricant 


FIGURE 16.2 The contact of asperities in the sealing interface. 
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In this chapter the presented experimental investigations assesses the tribological 
behaviors of an CoCrW Mo alloy against four different sealing materials. 


16.2 EXPERIMENTAL PROCEDURES 
16.2.1 SAMPLE MATERIALS 


The active semi-ring from the friction coupler made from CoCrWMo alloy was man- 
ufactured by the selective laser melting (SLM) process. The SLM process is capable 
of fusing fine metallic particles together, slice by slice, in a protective high-purity 
Argon atmosphere. SLM is a complex thermo-physical process that depends largely 
on material, laser and process parameters (Figure 16.3). The main component is the 
solid Nd:YAG laser which emits continuous light with a wavelength of 1064 nm 
in the infra-red spectrum. The system used was Realizer SLM 250 (Germany) and 
50 um the value of spot laser. The following SLM parameters could be set up on 
Realizer equipment: 20-200 W laser power, 20-100 um layer thickness, 100-2000 
mm/s scanning speed, 0.06-0.20 mm hatch space and various scanning strategies 
(eq. X/Y, stripe hatch pattern, islands) (Figure 16.3). 

The case study in this chapter used two SLM-manufactured rings made from 
CoCrWMo alloy (commercially named Starbond CoS55) provided by Scheftner, 
Germany (Figure 16.4). This alloy is highly corrosion-resistant and has a density of 
approx. 8.8 g/cm*. The solidus-liquidus interval of it is between 1305 and 1400*C. 

The chemical characterization/elemental analysis of materials of the samples used 
in this investigation was done based on the EDS analysis using Oxford EDS — Ultim® 
Max EDS with AZtecLive software. From the multiple set of test samples, several 
representatives were chosen for which this analysis was done. 

Figure 16.5 shows the SEM and EDS images obtained for SLM-manufactured 
ring made of CoCrWMo alloy. 


Powder bed 


FIGURE 16.3 The main SLM process parameter [9]. 
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FIGURE 16.4 Matting face rings for tribological investigations. 
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FIGURE 16.5 SEM and EDS analysis of ring surface (magnitude x500). 


The mass percentages of each chemical element are presented in Figure 16.5. The 
diameter of CoCr grains is between 10 and 55 pm and they are spherical. Using the 
EDS elemental quantification of elements allows us to deliver a qualitative analysis 
of the sample surface. 

In order to avoid the unfavourable effects of residual stress, after SLM manufac- 
turing the parts were exposed on a thermal treatment. This heat treatment was 
performed in an electric oven and air atmosphere. The parts were heated up to 860°C 
with 7°C/min. The parts were heated at this temperature for 1 hour, which was fol- 
lowed by a cooling rate of 12°C/min. After the temperature decreased to 300°C, we 
opened the door of furnace for natural cooling. Finally, the parts were sandblasted 
with alumina. 

To achieve the required accuracy, the rings were conventional processed (CNC 
turning — a computerized manufacturing process in which pre-programmed software 
and code controls the movement of production equipment). 

Normally, after conventional manufacturing such as casting, the hardness of this 
CoCr alloy is between 407 and 601 HV1 [14]. Based on our previous research, the 
hardness of parts SLM processed is directly influenced by process parameters such 
as laser power, scanning speed or by the density of energy which is distributed on 
each powder slice [15]. 

The dimensions for the primary ring from CoCrWMo are 62 mm for external 
diameter and 4 mm thickness of hardness 540 HV1 (51,8 HRC). For the second ring 
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(soft sample) diameter is 16 mm and 6 mm thickness (Figure 16.4) and four different 
materials with a surface hardness presented in Table 16.1. In the chapter were defined 
as soft samples as follows: sample 1 made from copper-zinc alloy named brass 
(CuZn40PtSn); sample 2 from tin-copper alloy named bronze (BzA15); sample 3 
from graphite bronze; and sample 4 from Teflon — PTFE. 

Based on the EDS elemental quantification of elements, we are able to deliver a 
qualitative analysis of the soft samples surface (named samples 1-4). SEM and EDS 
analysis of these surface samples are presented in Figures 16.6-16.8 (magnitude 
x500). 

The hardness values from Table 16.1 are the average of 12—15 determinations per 
sample. The hardness was evaluated using a Microhardness Tester VMHT with the 
trace marks shown in Figure 16.9. 


16.2.2 MEASUREMENT OF SURFACE CHARACTERISTICS 


When the surfaces that come into contact are not well lubricated, they tend to “stick” 
to each other. Then, a moment is applied to the shaft the surfaces in contact will sud- 
denly separate. This phenomenon causes the actual speed of rotation of the sealing 
faces to fluctuate in a tribological this is so-called “stick slip” phenomenon [15]. It 
can cause severe vibration that will damage the sealing faces and lead to excessive 
lubrication leakage, indicating the importance of surface quality for mechanical seal- 
ing performance. 

To acquire low friction between seal faces, good surface roughness and flatness 
should be ensured. The surface of primary ring, SLM made from CoCrW Mo alloy, 
was polished to show an arithmetical mean height R, less than 0.4 um. 

Four different sealing materials introduced above were selected as matting face 
rings. In the same way the surface were manufactured and R, roughness for them is: 
sample 1-0.12 um; sample 2-0.35 um; sample 3-2.2 um and sample 4-0.6 um. 


16.2.3 TRIBOMETER AND METHOD 


Block on Ring test is a widely used technique that evaluates the sliding wear behav- 
iors of materials in different simulated conditions, and allows the reliable ranking of 
material couples for specific tribological applications. Sliding wear often involves 
complex wear mechanisms taking place at the contact surface, such as adhesion 
wear, two-body abrasion, three-body abrasion and fatigue wear. The wear behavior 
of materials is significantly influenced by the work environment, such as normal 


TABLE 16.1 
Rings Hardness Values 


CoCrWMo Material for Soft Samples 


Rings Material Primarily Ring Sample 1 Sample 2  Sample3 Sample 4 


Hardness HVO.5 (GPa) 5.4 1.906 1.634 0.460 0.033 
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FIGURE 16.8 SEM and EDS analysis of sample 3 surface (magnitude x500). 


Sample 1 Sample 2 Sample 3 Sample 4 


FIGURE 16.9 Indentation marks for the samples (soft samples). 
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loading, speed, corrosion and lubrication. A versatile tribometer that can simulate the 
different realistic work conditions will be ideal for wear evaluation. 

In this chapter, we evaluated the sliding wear behaviours of a CoCrWMo alloy 
ring on four different materials rings in both dry and lubricated environments using 
Falex Block-on-Ring friction and wear testing machine (tribometer) in simulating 
the sliding wear process of material couples (Figure 16.10). 

These tests were carried out under the American Society for Testing and 
Materials (ASTM) condition and ASTM G77 Standard. The using rings on ring 
tests were performed in dry and lubricated environments, respectively, in order to 
investigate the effect of lubrication on the wear behaviour. The lubricated test was 
performed in the T80W90 mechanical transmission oil. The wear track was exam- 
ined using a ZEISS Smartzoom 5 smart digital microscope, which is ideal for the 
quality control of the resulting surface and obtaining 3-D images of parts profiles 
The microscope’s swing arm allows viewing of structures on the sample surface 
from continuously adjustable angles between +45° As the head swivels, the pivot 
point of the swivel axis remains stable, and likewise the focus remains squarely on 
the sample. 

Loading the friction coupler is done by a lever system by mounting the weights on 
the two arms. The load that sits on the plates is F, = 10 N, and the second test with 
F, =30N. 

The normal load that loads the friction coupler is: 


a 
at 


Fy = F<." = 72.64 N 
d a+d 


and for the second test F,, = 217.91 N 

Where a, b, c, d represents the tribometer lever system which are transmitting the 
load. The total normal load will consider the weight of the arms as well as plates 
which, in combination, produce an additional charge F, = 10 N. 


F, = Fy + Fo = 82.64 N 


respectively, F, = 227.91 N. 


FIGURE 16.10 Friction test set-up before (sample 4) and after testing (sample 2). 
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The speed at the vertical shaft is n = 980 rpm and the peripheral speed is: 


go BN a gmg] 
60-1000 


The wear rate, W, was evaluated using the formula: 


Where: V is the worn volume, F, is the normal load, and s is the sliding distance. 

The wear volume V is determined with both ZEISS Smartzoom 5 smart digital 
microscope and through the difference between the sample masses before and after 
wear (mọ — m,) [g] using an accurate balance type Kern AEJ with a measurement 
accuracy of 0.1 mg. 

Before and after the test, the specimens are washed with diluent and dried and 
then weighed. 

The surface topography of worn rings was determined using an optical micro- 
scope. All measurements were done at room temperature (RT). The test time was 
t = 60 minutes, which means 11,448 m sliding distance per test. 


16.3 RESULTS AND DISCUSSIONS 


Figures 16.11 and 16.12 show the optical images of the wear scars on the soft sam- 
ples (1—4) after the dry and lubricated wear tests, respectively. Optical microscopy 
analyses were performed in order to study the surface of the samples. The tests were 
carried out on an Olympus GX 51 microscope. All the samples were investigated at 
a magnification of 50:1. 

The wear track volumes and wear rates are listed in Tables 16.2 and 16.3 and were 
calculated based on the formulae above. For each sample based on mass measure- 
ments and exact volume determination, density was determined. The density 
(p)-specific mass values are shown in Tables 16.2 and 16.3. 


TABLE 16.2 


Result Summary of Dry Wear Tracks Measured Using Different Test 
Parameters 


Wear Track Height (um) Wear Volume (mm3) Wear Rate (mm3/Nem) 


Sample 1 288.00 13.8082 0.8757 x 10-3 
p = 8.4515 g/cm? 
Sample 2 202.30 25.0843 1.5908 x 10-3 
p = 8.2123 g/cm? 
Sample 3 96.60 2.25058 0.1427 x 103 
p = 6.2206 g/cm? 
Sample 4 373.00 44.2984 2.8094 x 10-3 


p = 2.1310 g/cm? 


Note: (F,=10N, operating time = 60s, RT). 
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TABLE 16.3 
Result Summary of Lubricated Wear Tracks Measured Using Different Test 
Parameters 
Wear Track Wear Volume Wear Rate 

Load (F,) (N) Height (um) (mm?) (mm3/Nem) 
Sample 1 10 49.10 0.07099 0.07503 x 1076 
p = 8.4515 g/cm? 30 84.20 0.13015 0.04988 x 1076 
Sample 2 10 48.70 0.02435 0.02574 x 1076 
p = 8.2123 g/cm? 30 54.00 Inconclusive result Inconclusive result 
Sample 3 10 18.90 Inconclusive result Inconclusive result 
p = 6.2206 g/cm? 30 25.70 Inconclusive result Inconclusive result 
Sample 4 10 56.20 0.6912 0.73 x 1076 
p = 2.1310 g/cm? 30 163.50 7.0858 2.7158 x 107% 


Note: F,=10N/F, = 30N, operating time = 3600s, RT. 


The soft samples after the dry wear test exhibits a big wear scar of volume. As 
expected, the most pronounced wear is at sample 4 (PTFE) in the amount of ~44.3 
mm? and the least is worn sample 3 of bronze graphite in value of ~2.25 mm*. In 
comparison, the wear test carried out in the mineral oil lubricant creates a substan- 
tially smaller wear track with a volume of only ~0.69 mm? at sample 4 (PTFE) loaded 
with 10N and ~7.1 mm? loaded with 30N, respectively. 

As shown in the images taken under optical microscope in Figures 16.11-16.13, 
severe wear takes place during the Block-on-Ring test in the dry atmosphere, com- 
pared to mild parallel wear scars on the samples after the much longer lubricated 
wear test. The high heat (around 80-90*C) and intense vibration generated during the 
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FIGURE 16.11 Wear scars of the soft samples after dry wear tests under 10N applied force 
and 60s operating time at RT, 50:1 resolution. 
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FIGURE 16.12 Wear scars of the soft samples after lubricated wear tests under 10N applied 
force and 1 hour operating time and RT, 50:1 resolution. 


FIGURE 16.13 Wear scars of the soft samples after lubricated wear tests under 30N applied 
force and 1 hour operating time and RT, 50:1 resolution. 


dry wear test promotes the oxidation of the metallic debris and results in severe three- 
body abrasion. For the dry test it is observed on the surface images that they were 
affected by the sudden rise of temperature in the contact area between the sample and 
the rotating ring (sometimes the temperature reached 90-100*C). 

In the lubricated test, however, the mineral oil ultimately reduces the friction and 
cools the contact face, as well as transporting away abrasive debris created during 
wear, leading to a significant reduction in the wear rate. It was found that for the 
graphite bronze due to the structure of the material it absorbed oil during the 


316 Industrial Tribology 


lubricated test and thus the volume of wear material could not be expressed by the 
mass difference. Therefore, these results were not relevant by this method. 

Such a substantial difference in wear resistance measured in different environments 
shows the importance of proper simulating sliding wear in the realistic service condition. 

The experimental results of the dry and lubricated wear tracks measured using differ- 
ent test parameters and RT (ambient temperature) are presented in Tables 16.2 and 16.3. 

The surface conditions of the CoCrWMo primarily ring and soft samples were 
examined by the ZEISS Smartzoom 5 smart digital microscope. Figure 16.13 shows 
the surface morphology of the rings after the wear tests as an example. The four soft 
samples were analysed with this microscope under dry and lubricated conditions 
(Figure 16.14). Figures 16.15 and 16.16 present the depth and profile of samples 1 and 


CoCrWMo ring surface after lubricated test CoCrWMo ring surface after dry test 
(30N) (10N) 


FIGURE 16.14 Wear scar profiles on the primary ring for dry and lubricated wear tests. 


Samples 1 — surface images after Samples 1 — surface images after 
lubricated test (10N) lubricated test (30N) 


FIGURE 16.15 Optical profilometry of the surface images for sample 1 after dry and lubricated test. 
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Samples 4 — surface images after lubricated Samples 4 — surface images after lubricated 
test (10N) test (30N) 


FIGURE 16.16 Optical profilometry of the surface images for sample 4 after dry and lubri- 
cated test. 


4 under both dry and lubricated wear tests in different experimental conditions. In the 
case of lubricant tests, two values for the force applied to the friction coupler were 
used: 10N and 30N. All experimental results obtained on the wear track depth are pre- 
sented in Tables 16.2 and 16.3. Significant roughening of the surface took place due to 
the three-body abrasion process during the dry wear test of 980 revolutions. 

Severe wear quickly damages the contact surface without lubrication and leads to 
irreversible deterioration of the surface quality. Wear rate values for both primarily 
ring and soft samples are calculated from the volume of material lost during a spe- 
cific friction run. The primarily ring scar depth is measured to calculate the ring scar 
volume, and soft samples scar volumes are calculated from the samples’ weight loss. 
This simple method facilitates the determination and study of wear behaviour of 
almost every solid-state material combination, with varying time, contact pressure, 
velocity, temperature, humidity, lubrication, etc. 


16.4 CONCLUSIONS 


In the dry slip test for the CoCrWMo alloy/graphite bronze during a running-in 
period and accommodation, a higher degree of wear loss is observed. A third body is 
created mainly from the wear of the sealing materials ring. The impregnation of the 
graphite material plays a predominant role in the tribological performance of the mat- 
ting face material. This third body acts like a solid lubricant reducing the stick-slip 
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phenomenon inside the contact. Better resistance to the wear is achieved with these 
pairs of materials. The contact accommodations provide the best behaviour in terms 
of friction and then also reduces the mechanical vibrations and also the noises. 

In all cases discussed, the surfaces of the friction pair are covered with oxides and 
adsorbed gases that fundamentally change the surface friction properties. The pres- 
ence of the oxide layer on the surfaces of the pair is the result of a dynamic process 
of forming on one side and wear on the other. Because it is different from static oxi- 
dation, oxidation of the friction surface is stimulated by both high temperature and 
surface activation and is the result of the friction process, which is more evident in 
dry friction. 

When sealing rings connect each other, the tribological characteristics of the 
material combination determine the survival or the failure of the seal. The best mate- 
rial used for sealing couplings have low friction, good corrosion resistance, good 
processing ability and high thermal conductivity. 

In conclusion, based on the experimental data performed we appreciate that in 
contact with the proposed CoCrWMo alloy material as the sealing friction semi- 
coupling the material with the best tribological behaviour under both dry and lubri- 
cated conditions is graphite bronze. At lower loads, both CoCrWMo alloy material 
and PTFE can be considered. 
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